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1.0  Executive  Summary 

In  November  1995  staff  from  the  Alberta  Department  of 
Energy  and  the  Alberta  Energy  and  Utilities  Board  initiated  a 
series  of  numerical  modelling  studies  to  assess  the  applica- 
bility of  the  steam  assisted  gravity  drainage  (SAGD)  bitumen 
recovery  process  under  a  variety  of  reservoir  conditions. 
These  included  overburden  net  pay  thickness,  overlying  gas 
and  water  sands  and  other  general  reservoir  quality  issues. 

This  report,  to  be  used  as  a  companion  to  one  entitied 
Possible  Effects  of  Gas  Caps  on  SAGD  Performance  dated 
March  1997  which  addressed  gas  cap  effects  in  the 
Athabasca  McMurray  oil  sands  and  the  Cold  Lake 
Clearwater  oil  sands  at  Wolf  Lake  and  Burnt  Lake,  summa- 
rizes assessments  of  the  other  criteria:  overburden  thickness, 
net  pay  thickness,  the  effect  of  overlying  water  sands  by 
themselves  and  in  combination  with  gas  caps  on  the  SAGD 
recovery  process  as  well  as  sensitivities  of  other  reservoir 
qualities.  Because  this  is  a  companion  report;  the  introduc- 
tion, background  and  methodology  in  the  main  report  are  not 
repeated  in  this  report. 

Overburden  Thickness 

Overburden  thickness  is  one  of  the  concerns  for 
bitumen  producers  in  Athabasca  McMurray  oil  sand. 
Mining  becomes  less  attractive  as  overburden  thickness 
increases  relative  to  the  recoverable  bitumen  volume.  In-situ 
steam  recovery  processes  are  more  attractive  with  greater 
overburden  thicknesses  as  this  enables  the  process  to 
operate  at  greater  pressures  and  correspondingly  higher 
temperature  and  bitumen  production  rates.  The  SAGD 
process  is  quite  gentle.  Using  gravity  as  the  driving  force 
the  SAGD  process  does  not  require  a  high  pressure  differen- 
tial in  the  reservoir  to  displace  fluid  to  the  production  wells 
and  can  be  operated  at  relatively  low  reservoir  pressures. 
Although  steam  at  lower  pressures  is  more  efficient  because 
of  a  greater  portion  of  usable  (latent)  heat  and  lower  losses 
to  the  over  and  underburden,  the  associated  lower  tempera- 
tures create  less  reduction  in  bitumen  viscosity  and  lower 
bitumen  production  rates  than  at  higher  pressures. 

Steam  injection  and  bitumen  and  water  production  rates 
were  predicted  by  numerical  models  for  typical  500m  long 
SAGD  well  pairs  in  oil  sand  with  a  net  pay  of  24m,  similar  to 
the  UTF  at  three  overburden  thicknesses,  50m,  100m  and 
140m.  Social  supply  costs  were  calculated  for  30,000  barrels 
of  bitumen  per  day,  corrunercial  projects  having  30  year  lives. 
Based  on  steam  chamber  operating  pressures  equivalent  to 
the  fluid  gradient  corresponding  to  the  overburden  thick- 
nesses it  was  found  as  expected  that  both  CDOR  and  CSOR 
decreased  with  decreasing  overburden.  Figure  1. 1  illustrates 
the  bitumen  recovery  and  social  supply  cost  for  the  three 
overburden  thicknesses  studied.  Although  the  CSOR 
decreases  with  reduced  overburden  thickness  which  would 


reduce  steam  costs,  the  lower  production  rates  increased  the 
number  of  wells  required  initially  and  well  costs.  As  a  result 
the  discounted  social  supply  cost  increased  from  $8.78/bbl 
at  140m  overburden  to  $  10. 13^bl  at  50m  overburden. 
Bitumen  recovery  shows  a  slight  decrease  with  reduced 
overburden  thickness  as  expected  due  to  lower  production 
rate  and  economic  limit  effects.  At  this  time,  it  appears  that 
SAGD  is  viable  at  overburden  thicknesses  as  low  as  50m  to 
60m.  Applications  in  different  quality  and  thickness  of  oil 
sand,  however,  will  have  different  performance  in  relation  to 
overburden  thickness. 

Net  Pay  Thickness 

Net  pay  thickness  effects  were  assessed  to  determine 
the  minimum  net  pay  necessary  for  SAGD  to  be  viable  in  the 
Athabasca  McMurray  oil  sand.  Four  net  pays,  proportion- 
ally similar  in  reservoir  properties  to  the  McMurray  oil  sand 
at  UTF,  at  140m  overburden,  were  studied.  Steam  injection 
and  bitumen  and  water  production  rates  were  predicted  by 
numerical  models  for  typical  500m  long  SAGD  well  pairs 
operated  at  1400  kPa  steam  chamber  pressure.  Social  supply 
costs  were  then  calculated  for  30,000  barrels  of  bitumen  per 
day,  corrunercial  projects  operated  for  30  years.  Since 
bitumen  production  rates  in  SAGD  projects  are  a  function  of 
net  pay  and  heat  loss  per  unit  of  bitumen  resource  is  greater 
for  thirmer  pay  sections,  CDORs  decrease  and  CSORs 
increase  as  net  pay  decreases.  As  summarized  on  Figure  1.1, 
social  supply  cost  increases  gradually  from  $7.35^bl  to 
$9.35/bbl  of  bitumen  as  net  pay  decreases  from  45m  to  16m 
then  increases  abruptly  to  more  than  $  15/bbl  for  8m  of  net 
pay.  Bitumen  recovery  shows  similar  behaviour  declining 
gradually  from  82%  to  74%  as  net  pay  decreases  from  45m  to 
16m  then  decreases  abruptly  to  41%  at  8m  of  net  pay. 

The  significant  trend  change  in  social  supply  cost 
between  16m  and  8m  net  pay  is  due  to  well  drilling  and  steam 
costs  resulting  from  a  chain  of  effects  initiated  by  relatively 
low  CDOR  for  8m  net  pay.  The  low  CDOR  causes  dispropor- 
tionately low  bitumen  recovery  per  well  pair,  which 
necessitates  a  larger  number  of  wells  to  fill  a  corrunercial 
plant  for  30  years.  These  wells  cover  larger  areas  in  which 
disproportionate  heat  losses  to  the  overburden  occur.  The 
assessment  indicates  that,  for  the  quaUty  of  oil  sand  used  in 
the  study,  the  minimum  thickness  needed  for  SAGD  to  be 
viable  is  in  the  order  of  15m.  This  minimum  thickness  will 
however,  vary  with  quality  of  oil  sand,  overburden  thick- 
nesses, and  bitumen  price. 

Water  Sands 

The  main  report  focussed  on  the  effect  of  gas  caps, 
both  non-depleted  and  depleted,  on  SAGD  performance.  Gas 
caps  in  the  Athabasca  McMurray  however  are  quite  often 
associated  with  water  sands  which  underhe  the  gas  and 
overlay  the  bitumen.  These  water  sands  can  also  be  present 
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without  gas  caps.  Preliminary  effects  of  these  water  sands, 
with  and  without  gas  caps,  were  studied  and  compared  to 
gas  cap  effects  previously  presented. 

As  in  previous  assessments,  steam  injection  and 
bitumen  and  water  production  rates  were  numerically 
simulated  for  500m  long  S  AGD  well  pairs  operated  with 
steam  chamber  pressures  of 2600  kPa  and  steam  injection 
rate  limits  of 400  mVd  for  non-depleted  and  depleted 
overlying  gas  and/or  water  zones  of  various  thicknesses. 
Social  supply  costs  were  then  calculated  for  30,000  barrels 
per  day,  commercial  projects  operated  for  30  years. 

In  general,  as  in  the  gas  cap  study,  thicker  overlying 
gas/water  zones  reduce  bitumen  recovery  and  increase 
CSOR  and  social  supply  costs.  Figure  1.2  shows  social 
supply  cost  and  bitumen  recovery  comparisons  for  various 
thicknesses  of  gas  and  water  sands.  With  exception  of  the 
non-depleted  10m  gas  cap,  in  which  the  outflow  of  fluid 
through  the  gas  cap  well  was  restricted  giving  better 
performance,  water  sands  appear  based  on  numerical 
simulation  to  have  shghtly  less  negative  impact  on  social 
supply  costs  than  gas  caps.  Bitumen  recovery  decreases 
with  increasing  gas  cap  and  water  sands  thickness  and  is 
generally  less  for  depleted  as  compared  to  non-depleted 
pressures.  With  the  exception  of  the  5m  water  sand  and  gas 
cap  cases,  bitumen  recovery  is  also  better  with  the  water 
sands  than  gas  caps.  Movement  of  bitumen  into  the 
overlying  water  and  gas  sands  is  simulated  to  occur.  The 
volume  of  this  bitumen  seems  to  be  generally  proportional  to 
the  amount  of  outflow  fi-om  the  pattern  due  to  thickness  of 
the  overlying  sands  and  pressure  differential  between  the 
steam  chamber  and  the  overlying  sands  and  may  explain  the 
social  supply  cost  and  bitumen  recovery  differences.  As 
with  gas  caps,  however,  the  reservoir  mechanisms  of  steam 
moving  into  water  sands  are  very  complex  and  not  well 
understood  at  this  time.  Until  laboratory  and  field  test  results 
are  available  to  validate  the  predictions  obtained  by  simula- 
tors, the  results  must  be  used  cautiously. 

Sensitivities 

Sensitivities  of  S  AGD  performance  to  a  gas  price, 
pattern  life,  discount  rate  and  certain  reservoir  properties 
were  studied  and  are  summarized  using  spider  diagrams  on 
Figure  1.3(a)  and  (b).  Social  supply  cost  sensitivities  based 
on  the  Athabasca  10m  depleted  gas  cap  case  were  investi- 
gated for  gas  price,  pattern  life  and  discount  rate. 

Gas  Price 

-  Reducing  gas  price  by  25%  from  $2.20/GJ,  used  in  the 
study  has  a  significant  effect  reducing  the  social  supply 
cost  by  about  8%.  Bitumen  recovery  is  only  modestly 
increased.  Increasing  gas  price  by  25%  increases  supply 


cost  by  3.5%,  however,  bitumen  recovery  is  significantly 
reduced  from  63%  to  26%  due  to  a  much  higher  well  pair 
economic  production  rate  limit. 

Pattern  Life 

-  The  lengths  of  time  that  well  patterns  are  operated  might 
be  a  commercial  project  consideration  in  determining  the 
best  use  for  steam  and  facilities.  Pattern  life  was  varied 
from  four  to  10  years  showing  that  social  supply  cost  for 
the  base  8-year  life  did  not  change  significantly  with  a 
25%  reduction.  Slight  increases  at  50%  reduction  and 
25%  increases  are  expected  due  to  less  recovery  and 
uneconomic  steam  use  respectively. 

Discount  Rate 

-  Social  supply  costs  are  essentially  the  bitumen  price  at 
which  a  rate  of  return  before  royalty  and  taxes  equal  to 
the  discount  rate  will  be  achieved.  As  expected,  increas- 
ing the  discount  rate  significantly  increases  social  siq)ply 
price.  Although  10%  discount  was  assumed  in  the  study, 
a  15%  discount  rate  was  used  as  a  base  in  Figure  1.3(a).  A 
33%  increase  and  decrease  in  a  discount  rate  to  20%  and 
10%  yielded  changes  to  social  supply  cost  of  18.4%  and 
16.5%  respectively. 

Sensitivities  of  a  number  of  reservoir  parameters  on 
S  AGD  process  performance  were  studied  by  ADOE  (for- 
merly AOSTRA)  in  1992.  Although  commercial  project  social 
supply  costs  were  not  determined  in  that  study,  the  effects 
of  certain  reservoir  parameters  on  a  cumulative  steam  oil 
ratio  (an  indication  of  social  supply  cost)  were  interpolated 
from  the  study  and  are  shown  on  Figure  1.3(b). 

Net  Pay 

-  A  25%  increase  from  the  20m  base  case  net  pay  results  in 
5%  decrease  in  CSOR.  This  effect,  caused  by  decreasing 
the  portion  of  heat  lost  to  over  and  underburdens  relative 
to  total  heat  injected  is  smaU  but  will  increase  consider- 
ably as  the  base  net  pay  thickness  decreases. 

Bitumen  Saturation 

-  A  25%  decrease  from  the  85%  base  case  bitumen 
saturation  results  in  a  significant  41%  increase  in  CSOR 
Not  only  is  the  bitumen  volume  available  for  recovery 
less  at  reduced  bitumen  saturation  but  more  water  must 
be  heated. 

Horizontal  and  Vertical  Permeability 

-  A  25%  reduction  from  the  base  case  10  D  and  5  D 
permeabilities  respectively  results  in  a  modest  increase  of 
3.6%  in  CSOR.  Although  not  investigated  in  this  study 
reducing  permeabilities  to  much  lower  values,  to  in  the 
order  of  1  Darcy  would  significantly  effect  results. 
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Vertical  Permeability 

-  A  25%  decrease  from  the  5  D  base  case  vertical  peime- 
ability  results  in  a  small  increase  in  CSORof  2.2%.  The 
same  comments  as  made  for  the  combined  horizontal  and 
vertical  permeability,  however,  apply  to  vertical  permeabil- 
ity. 


Initial  Bitumen  Viscosity 

-  A  25%  decrease  from  the  1 ,000,000  cp  base  case  viscosi- 
ties had  very  little  effect  on  CSOR.  Bitumen  viscosities 
which  are  reduced  very  significantly  with  heating  are 
more  comparable  at  steam  temperatures  than  at  initial 
reservoir  temperatures. 
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Figure  1.1  — Bitumen  Supply  Cost  and  Recovery  for  Various  Overburden  and  Net  Pay  Thicknesses 
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Some  additional  findings  of  the  1992  study  were  that 
S  AGD  performance  was  improved  in  lower  permeability 
sands  if  the  separation  between  injection  and  production 
wells  was  increased,  and  non-permeable  tight  streaks  of 
limited  areal  extent  and  bottom  water  had  little  effect  on  the 


process.  Better  performance  was  also  observed  in  a  layered 
permeability  reservoir  when  the  higher  permeability  was 
located  below  the  lower  permeability  and  both  the  injection 
and  production  wells  are  located  in  the  higher  permeabiUty 
layer. 
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Figure  1.2  —  Bitumen  Supply  Costs  and  Recovery  for  Various  Gas  and/or  Water  Sand  Thicknesses 
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Sensitivities  on  Social  Supply  Cost 
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Figure  1.3(a) 


Sensitivities  on  CSOR 
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Figure  1.3(b) 
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2.0  Introduction  & 
Background 

This  is  a  companion  to  a  report  entitled  "Possible 
Effects  of  Gas  Caps  on  the  SAGD  Performance"  dated  March 
1997.  Much  of  the  introduction,  background  and  methodol- 
ogy apphcable  in  this  report  are  contained  in  that  report  and 
are  not  repeated. 

The  possible  effects  of  overburden,  pay  thickness, 
overlying  water  sands  and  other  sensitivities  on  SAGD 
performance  in  the  Athabasca  McMurray  Formation  are 
summarized  in  this  report.  The  objective  for  the  Alberta 
Energy  and  Utilities  Board  and  the  Alberta  Department  of 
Energy  was  to  assess,  on  a  preliminary  basis,  the  potential  of 
the  SAGD  recovery  process  in  different  reservoir  environ- 
ments and  of  investigating  reservoir  factors  which  may 
influence  its  performance. 

Individual  well  pair  CDORs  (calendar  day  oil  rates), 
CSORs  (cumulative  steam  oil  ratios)  and  bitumen  recoveries 
were  obtained  from  numerical  simulation  studies.  Social 
supply  costs  were  estimated  based  for  commercial  plant 
forecasts  for  each  scenario  to  provide  comparative  assess- 
ments. 

3.0  Effect  of  Overburden 
Thickness 

The  minimum  depth  at  which  the  SAGD  process  can  be 
applied  is  of  concern  in  Athabasca  where  the  oil  sand  is 
shallow  and  outcrops  along  rivers  in  the  deposit.  Recovery 
process  alternatives  are  being  considered  by  Industry 
particularly  as  leases  come  up  for  renewal.  The  purpose  of 
this  component  of  the  study  is  to  investigate  the  relation- 
ship between  a  reservoir's  overburden  depth  and  the  SAGD 
process  social  supply  cost  and  recovery  and  to  determine  a 
reasonable  minimum  overburden  at  which  SAGD  might  be 
applied. 

A  number  of  studies  conducted  by  ADOE  in  conjunc- 
tion with  Industry  partners  have  addressed  the  conmiercial 
potential  of  the  process  at  reduced  overburden  thicknesses. 
This  study  presents  a  generic  comparison  of  SAGD  perfor- 
mance at  several  overburden  thicknesses  and  does  not 
consider  unique  synergisms  which  may  be  available  in  an 
area  with  both  surface  mining  and  in-situ  operations. 

The  most  important  characteristic  influencing  SAGD 
performance  from  an  overburden  thickness  standpoint  is  the 
steam  chamber  operating  pressure.  The  pressure  should  be 
high  enough  to  provide  adequate  bitumen  productivity 
without  losing  steam  vertically  to  the  surface  or  horizontally 
to  nearby  out  crops. 


Overburden  considerations  influencing  the  relationship 
of  SAGD  operating  pressure  to  overburden  thickness  for  the 
Athabasca  Wabishaw-McMvuray  formation  are  addressed  in 
Appendix  1.  Although  operating  pressures  close  to  fracture 
pressure  may  be  possible  for  very  rich  oil  sand  with  compe- 
tent overburden,  for  the  purposes  of  this  study,  a 
conservative  approach  limiting  the  operating  pressure  of  the 
SAGD  process  to  the  hydraulic  head  equivalent  to  the 
thickness  of  the  overburden  has  been  adopted. 

3.1  Geology 

The  geology  for  the  Athabasca  Wabishaw-McMurray 
formation  is  quite  variable  and  specific  to  site  when  predict- 
ing performance  of  the  SAGD  process.  The  cap  rock  and 
bitumen  saturation  in  the  reservoir  are  particularly  important 
when  considering  the  effect  of  overburden  thickness  on 
SAGD  apphcation. 

If  the  overburden  is  too  thin,  of  poor  cap  rock  quality,  or 
has  been  breached  by  core  holes  not  effectively  abandoned, 
there  exists  the  possibility  of  steam  breaking  through  to  the 
surface  if  the  operating  pressure  is  too  high.  If  bitumen 
saturation  in  some  of  the  oil  sand  is  low  allowing  water 
mobility,  the  injected  fluid  may  leak  off  laterally.  Figure  3 . 1 
shows  a  map  of  overburden  thicknesses  in  the  Athabasca 
mining  area.  The  areas  of  overburden  in  the  ranges  of  0-50m, 
50m-75m  and  75m-100m  are  spproximately  212,000  ha,  62,000 
ha  and  20,000  ha,  respectively  in  the  3 13,000  ha  area  consid- 
ered being  surface  minable.  Areas  having  greater 
overburden  than  50m  may  not  be  economically  mined. 

The  reservoir  properties  used  to  simulate  SAGD 
performance  for  various  overburden  thicknesses  were  those 
for  the  UTF  site  and  previously  described  in  section  5. 1  of 
the  base  report,  "Possible  Effects  of  Gas  Caps  on  SAGD 
Performance." 

3.2  Well  Pair  Performance 
Predictions 

3.2.1  Model  Description 

The  multi  well  model  used  to  study  gas  cap  effects  was 
not  used  for  this  overburden  study.  Instead  a  simpler  single 
well  pair  2D  model  was  thought  to  be  adequate  for  studying 
the  effects  of  overburden  in  the  Wabishaw-McMurray  oil 
sand.  The  reservoir  rock  and  fluid  saturation  data  descrip- 
tion is  listed  on  Table  3.1. 

The  "short  circuit  layer"  previously  incorporated  in  the 
model  used  to  study  the  gas  cap  effects  was  removed  for  the 
purpose  of  simulating  overburden  effects.  The  absence  of 
the  short  circuit  layer  may  give  rise  to  shghtly  lower  produc- 
tion rates  than  predicted  by  the  3D  model  previously  used. 
The  results,  however,  will  be  consistent  between  cases  and 
conclusions  based  on  the  reservoir  description  used  should 
be  valid. 
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The  2D  reservoir  model  is  24m  thick,  is  stratified  with 
porosity  of  30%  and  35%  and  has  horizontal  and  vertical 
permeability  ranges  of  2  to  10  darcies  and  0.2  to  2.5  dardes 
respectively.  The  oil  saturations  are  75%  and  85%  and  the 
well  pair  separation  is  4.5m  with  90m  inter-well  spacing 
between  well  pairs.  The  grid  block  dimensioning  is  30  blocks 
each,  1 . 5  metres  in  the  i-direction  (horizontal  perpendicular  to 
the  well  pairs),  1  block,  500  metres  in  the  j-direction  (horizon- 
tal parallel  to  the  well  pairs),  and  16  blocks  each  1.5  metres  in 
the  k-direction  (vertical). 

The  steam  chamber  operating  pressure  is  assumed  to  be 
the  hydrostatic  head  for  the  overburden  thickness  in 
question,  that  is,  1400  kPa,  1000  kPa  and  500  kPa  for  overbur- 
dens of  140m,  100m  and  50m  respectively. 

3.2.2  Simulation  Results 

The  following  summarizes  the  results  of  simulations  for 
various  overburden  thicknesses.  Plots  of  the  bitumen  and 
water  production  and  steam  injection  on  a  well  pair  basis  for 
each  case  are  also  shown  on  Figures  3.2  to  3 .4 

As  anticipated  the  CDORs  (calendar  day  oil  rates), 
decreased  from  68  mVday  with  140m  overburden  to  34.3  mV 
day  with  50m  overburden  due  to  the  lower  operating 
pressures  and  temperatures  and  resulting  less  reduction  in 
viscosity  with  thiimer  overburden.  Bitumen  recovery  at 
reduced  overburden  depths  is  also  slightly  lower  ranging 
from  79. 8%  to  76.4%  also  due  to  the  economic  hmit  being 
reached  earlier  in  lower  CDOR  cases.  The  change  in  recovery 
however  is  not  proportional  to  the  change  in  CDOR  and  as  a 
result,  wells  with  lower  overburden  thickness  have  signifi- 
cantly longer  economic  production  lives.  The  CSOR 
(cumulative  steam  oil  ratio)  also  decreases  with  decreasing 
overburden  thickness  due  to  improved  steam  efficiency 
resulting  from  fewer  heat  losses  to  the  over  and 
underburden  at  lower  temperatures  and  more  useful  (latent) 
heat  at  lower  pressures. 

The  data  sets  and  detailed  plot  of  simulation  results  as 
well  as  more  related  information  are  included  in  Appendix  1. 


3.3  Commercial  Project 

The  well  pair  performance  plots  from  the  simulation  runs 
were  used  to  generate  well  pair  drilling  schedules  and 
commercial  project  bitumen  and  water  production  and  steam 
injection  predictions  as  shown  on  Figures  3.5  to  3.7. 

The  well  pairs  necessary  to  supply  a  30,000  barrels  per 
day  plant  for  30  years  was  218,218  and  226  for  cases  1 , 2  and 
3  respectively.  Cases  1  and  2  have  the  same  number  of  well 
pairs.  One  would  expect  to  have  needed  more  wells  in  case  2, 
however,  due  to  a  combination  of  factors  such  as  differences 
in  well  production  profile  shape,  criteria  for  adding  wells  and 
ultimate  recovery,  this  was  not  the  case.  In  case  2  (100m 
overburden)  four  additional  well  pairs  were  added  in  each  of 
the  first  three  years  in  order  to  fill  the  conunercial  plant. 
These  12  wells  were  not  added  in  years  20  and  2 1  whereas  12 
wells  were  added  in  those  years  in  case  1  (140m  overburden). 

3.4  Social  Supply  Cost 

The  costs  of  drilling  and  completing  horizontal  wells  at 
shallow  depths  and  for  low  pressure  steam  operations  are 
not  demonstrated  at  this  time.  A  previous  study  of  applying 
SAGD  at  a  location  with  30  to  40  metres  of  overburden 
concluded  that  a  river  crossing  style  drilhng  rig  would  have 
to  be  modified  to  drill  at  a  spudding  angle  of  32°  from 
horizontal.  The  lower  steam  operating  pressure  would  create 
higher  pressure  drops  in  tubulars  than  currently  experienced, 
however  rates  would  be  lower  which  would  compensate  to 
some  extent  for  the  eff"ect  of  the  lower  pressure.  It  has  been 
assumed  for  this  study  that  the  drilling  and  completion  costs 
would  be  the  same  as  for  deeper  locations. 

Social  supply  costs  for  the  three  overburden  cases 
range  from  a  low  of  $8.78/bbl  for  the  140m  overburden  case 
to  $10. 13/bbl  for  the  50m  overburden  case  and  are  shown, 
including  a  breakdown  into  cost  centers,  on  Table  3.2. 
Although  the  gas  cost  for  steam  is  less,  due  to  lower  CSOR, 
this  was  more  than  offset  by  additional  well  drilhng  costs 
(timing  and  number  of  well  pairs)  resulting  in  higher  social 
supply  costs  for  thirmer  overburdens. 


Property 

Casel 
140m  overburden 

Case  2 
100m  overburden 

Case  3 
50m  overburden 

Steam  Injection  Press. 
(kPa)(95%quahty) 

1400 

1000 

500 

Steam  Injection  Temp.  (°C) 

194.8 

179.7 

151.7 

Pattern  Life  (yrs) 

8.75 

10.75 

16.75 

Oil  Production  (m^) 

219,011 

215,639 

209,682 

CDOR(mVday) 

68.5 

54.9 

34.3 

Steam  Injection  (m^) 

502,407 

470,507 

441,182 

csai 

2.29 

2.18 

2.10 

Recovery  (%OOIP) 

79.8 

78.6 

76.4 
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3.5    Summary  and  Findings 

A  brief  commercial  plant  production  and  supply  cost 
summary  for  each  overburden  thickness  is  tabulated  below. 


Case  1 

Case2 

Case  3 

Overburden  Depth  (m) 

140 

100 

50 

Pattern  Life  (yrs) 

8.75 

10.75 

16.75 

Supply  Cost  ($/Bbl) 

8.78 

9.07 

1013 

Plant  Production  (E^m^) 

47.1 

45.3 

44.0 

Plant  Utilization  (%) 

90.2 

86.7 

84.3 

Total  Wells 

218 

218 

226 

CDOR  and  CSOR  for  each  overburden  thickness  from 
numerical  simulations  are  plotted  on  Figure  3.8  and  show 
that  both  bitumen  production  rates  and  steam  oil  ratios  for 
individual  well  pairs  decrease  with  decreased  overburden 
thickness.  Lower  steam  chamber  pressures  assumed 
necessarily  for  thirmer  overburdens  reduce  the  steam 
chamber  temperature.  This  reduced  temperature  causes  less 
reduction  in  bitumen  viscosity  and  therefore  lower  bitumen 
production  rates.  A  lower  temperature,  however,  has  the 
advantage  of  providing  higher  steam  efficiency  (more  of  the 
heat  is  in  the  latent  or  usable  form)  and  less  heat  loss  due  to 
lower  temperature  difference  between  the  steam  chamber  and 
over  and  underburden.  Both  of  these  factors  contribute  to  a 
lower  CSOR  in  thirmer  overburdens. 


Bitumen  recovery  and  social  supply  costs  are  shown  for 
various  overburden  thicknesses  on  Figure  3.9.  Bitumen 
recovery  varies  from  79. 8%  at  an  overburden  of  140m  down 
slightiy  to  76.4%  at  an  overburden  of  50m.  The  social  supply 
cost  over  the  same  overburden  range  varies  from  $8.78/bbl 
to  $10. 13^bl  suggesting  tiiat  the  SAGD  process  is  viable  at 
overburdens  of  50m  or  thicker.  Although  steam  costs  are 
lower  with  thirmer  overburden,  shallower  reservoirs  operated 
at  lower  pressures  have  lower  peak  production  rates 
generaUy  requiring  more  well  pairs  drilled  earher.  These 
factors  increase  well  costs  and  more  than  offset  reduced 
steam  cost.  The  effect  of  well  driUing  timing  is  illustrated  by 
comparing  social  supply  costs  for  cases  1  (140m  overbur- 
den) and  2  (100m  overburden)  which  each  use  2 1 8  well  pairs. 
In  case  2, 12  additional  well  pairs  are  drilled  in  1997  to  1999 
than  in  case  1  but  case  1  has  12  additional  well  pairs  drilled 
in  2017  and  2018.  Although  the  1995  costs  are  the  same, 
discounting  yields  total  drilling  costs  of  $  1 . 97/bbl  for  case  1 
and  $2.23^bl  for  case  2. 

SAGD  performance  depends  upon  a  number  of  factors 
not  addressed  in  this  assessment  and  results  should  be 
considered  only  as  a  general  guideline.  Although  net  pay, 
qualities  of  pay  and  overburden  are  important  factors 
governing  the  viability  of  SAGD  applications  specific 
situations  must  be  assessed  based  on  actual  reservoir 
properties  and  other  unique  factors  such  as  well  spacing 
optimization  and  costs  that  may  be  influenced  by  other 
operations  in  the  area. 


Table  3.1  —  Athabasca  McMurray  Formation  Reservoir  Parameters  for  2D  Overburden  Model 


Grid  No. 

Porosity 
(PHI) 

Water 
Saturation 
(Sw) 

Oil 
Saturation 
(So) 

Ki=Kj 

Kk 

16 

0.3 

0.25 

075 

2000 

200 

15 

0.3 

0.25 

075 

2000 

200 

14 

0.3 

0.25 

075 

2000 

200 

13 

0.3 

0.25 

075 

2000 

200 

12 

0.3 

0.25 

075 

2000 

200 

11 

0.3 

0.25 

075 

2000 

200 

10 

0.35 

015 

085 

10000 

2500 

9 

0.35 

0.15 

085 

10000 

2500 

8 

0.3 

025 

0.75 

2000 

200 

7 

0.35 

015 

085 

2000 

200 

6 

0.35 

0.15 

085 

2000 

200 

5 

0.3 

0.25 

075 

2000 

200 

Szf  4 

0.35 

015 

085 

10000 

2500 

Injector  ^ 

0.35 

0.15 

085 

10000 

2500 

2 

0.35 

015 

085 

10000 

2500 

m  1 

0.35 

015 

085 

10000 

2500 

Producer 


1.5m  grid  blocks  in  the  k  direction. 
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Table  3.2 

Athabasca  McMurray  Effect  of  Overburden  Study 
Performance  Forecast  and  Supply  Price  Summary 
Discounted  to  10%  to  1995  Dollars 


Case  Study 

140m  Overburden 

100m  Overburden 

50m  Overburden 

Supply 

Cost 

Supply 

Cost 

Supply 

Cost 

wu>i  venire 

Cost 

Snare  (%) 

Cost 

Snare  (%) 

Cost 

Share  (%) 

Capital  Cost 

Drilling 

$12.36 

22.38% 

$14.01 

24.55% 

$18.64 

29.26% 

Seism/Delin/Eng 

$0.32 

0.59% 

$0.34 

0.59% 

$0.37 

0.58% 

Steam  Facilities 

$3.99 

7.22% 

$3.90 

6.84% 

$4.41 

6.93% 

other  Facilites 

$12.90 

23.35% 

$13.49 

23.63% 

$14.68 

23.03% 

Total  Capital 

$29.56 

53.53% 

$31.74 

55.61% 

$38.10 

59.79% 

Operating  Cost 

Gas  Cost 

$  1  o.ou 

t*T.UO/0 

^  1  c.oc 

C.C.'rQ  /o 

1 Q  fi7% 
13.0/  /o 

Utilities 

$3.56 

6.44% 

$3.43 

6.01% 

$3.36 

5.27% 

Production  Treating 

$0.78 

1.42% 

$0.79 

1.38% 

$0.80 

1.25% 

Water  Treating 

$1.02 

1.85% 

$0.98 

1.72% 

$0.95 

1.50% 

Rxed  and  Other 

$7.00 

12.68% 

$7.32 

12.83% 

$7.97 

12.50% 

Total  Operating  Cost 

$25.66 

46.47% 

$25.33 

44.39% 

$25.62 

40.20% 

Total  Cost/m"  BIT 

$55.23 

100.00% 

$27.07 

100.00% 

$63.72 

100.00% 

Total  Cost/bbI  BIT 

$8.78 

$9.07 

$10.13 

Plant  Summary 

Cum  Bitumen  Produced  (Pm^) 

47.117 

45.273 

44.041 

Cum  Steam  Injected  (Pm^) 

112,515 

104,001 

97.362 

Cum  Water  Produced  (Pm^) 

103,990 

95.949 

89.835 

Plant  CDOR  (mVd) 

4,303 

4,135 

4.022 

Plant  CS0R(mym3) 

2.39 

2.3 

2.21 

Number  of  wells 

218 

218 

226 

Plant  Efficiency  (%) 

90.2 

86.7 

84.3 

Avg.  Well  Summary 

PaHom  1  if  a  A/rc^ 
rdUclll  UlC  \yio^ 

8.75 

10.75 

16.75 

Bitumen  Produced  (Pm^) 

219 

216 

210 

Steam  Injected  (Pm^) 

502 

471 

441 

Water  Produced  (E^m^) 

489 

458 

430 

Well  CDOR  (mVd) 

69 

55 

34 

WellCS0R(mVm3) 

2.29 

2.18 

2.1 

Recovery  (90m  spacing) 

79.8% 

78.6% 

76.4% 
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Figure  3.1  — Athabasca  Oil  Sands  Area  Wabiskaw  —  McMurray  Deposit 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 140  m  Overburden 


Other  Criteria  Affecting  S AGD  Performance  in  the  Athabasca  McMurray  Formation  1 1 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  50  m  Overburden 


■Bitumen  Rate 
Steam  Rate 
Water  Rate 


X  SOR 


Economic  Limit  (yrs)=  16.75 


Figure  3.4 


1      2      3      4      5      6      7      8      9     10    11     12    13     14    15     16  17 

Year 


PLANT  FORECAST 
Athabasca  McMurray  - 140  m  Overburden 


-®-  Bitumen  Rate 

Steam  Rate 

Water  Rate 
1^  New  Wells  on  Production 


Figure  3.5 
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PLANT  FORECAST 
Athabasca  McMurray  - 100  m  Overburden 


Year 

Figure  3.6 


PLANT  FORECAST 
Athabasca  McMurray  -  50  m  Overburden 


Year 

Figure  3. 7 
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Athabasca  McMurray 
CDOR  and  CSOR  vs.  Overburden  Depth 


90  100  110 

Overburden  Depth  (m) 


Figure  3.8 


Athabasca  McMurray 
Social  Supply  Cost  and  Bitumen  Recovery  vs.  Overburden  Depth 


[Bitumen  Recovery! 


Social  Supply  Cost  | 


u 

I 


8  3- 


■  80 

■  70  ^ 

•60  I 
SO  % 

oc 
c 

40  i 

30  " 


Oveiburden  Depth  (m) 


Figure  3.9 
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4.0  Effect  of  Net  Pay  Thickness 

The  purpose  of  this  component  of  the  study  is  to 
evaluate  the  relationship  between  net  reservoir  pay  thick- 
ness and  the  SAGD  process  viability  in  Athabasca. 

From  a  theoretical  perspective,  Butler^'^  found  that  the 
bitumen  production  rate  is  proportional  to  the  square  root  of 
the  pay  zone  thickness,  is  not  dependent  on  the  shape  of  the 
interface  between  the  steam  chamber  and  the  unheated 
bitumen  or  the  steam  chambers  horizontal  extension.  He  also 
found  that  the  CSOR  is  lower  with  thicker  pay  as  less  heat  is 
lost  to  the  over/under-burden. 

4.1  Model  Description 

Four  net  pay  thickness  scenarios  were  simulated  to 
demonstrate  the  effect  of  pay  thickness  on  SAGD  and  to 
determine  a  minimum  pay  thickness  for  which  the  process 
would  be  feasible.  The  24m  net  pay  model  used  in  the 
overburden  effect  portion  of  this  study  was  used  as  a  base 
case  model  for  the  pay  thickness  study.  Other  models 
representing  45m,  16m  and  8m  of  net  pay  were  developed  by 
maintaining  grid  blocks  at  1 . 5m  for  45m  pay  and  scaling  the 
base  case  by  modifying  vertical  thickness  of  the  grid  blocks 
for  the  16m  and  8m  pay  scenarios.  Spacing  between  wells 
and  well  pair  spacing  was  maintained  at  4.5m  and  90m 
respectively.  A  steam  chamber  pressure  of  1400  kPa, 
consistent  with  the  140m  overburden  case  in  the  previous 
section,  was  used  for  all  thickness  cases.  A  more  detailed 
description  of  the  model  is  presented  in  section  3.2. 1. 

4.2  Simulation  Results 

The  following  summarizes  simulation  results  for  various 
net  pay  thicknesses.  Plots  of  the  bitumen  and  water  produc- 
tion and  steam  injection  for  each  case  are  also  shown  on 
Figures  3 . 1  and  Figures  4. 1  to  4.3 . 


Property 
Net  Pay  (m) 

Case  4 

Casel 

Case3  (BaseCase)  Case2 

Reservoir  Pay  (m) 

8 

16 

24 

45 

Pattern  Life  (years) 

3.50 

6.50 

8.75 

17.25 

Oil  Production  (m^) 

39,000 

146,000 

219,000 

472,000 

CDORmVday 

31 

62 

69 

75 

Steam  Injection  (m' ) 

139,000 

368,000 

502,000 

810,000 

cscm 

3.57 

2.52 

2.29 

1.85 

Recovery  (%OOIP) 

40.7 

73.7 

79.8 

82.3 

Although  having  the  expected  trend,  the  CDOR  for  45m 
net  pay  (75mVday)  is  lower  than  theoretically  expected.  The 
reason  is  that  CDORs  is  not  the  theoretical  maximum 
production  rate  but  is  an  average  oil  rate  over  the  pattern 
life.  They  are,  therefore,  influenced  by  interwell  pair  spacing 
and  variations  in  reservoir  properties.  For  example,  in  the  8m, 


16m,  24m  and  45m  net  pay  cases,  the  steam  chamber  reaches 
the  top  of  the  reservoir  after  approximately  1.9  years,  2.6 
years,  4.8  years  and  10.5  years,  respectively.  The  times  for 
the  steam  chambers  to  reach  the  lateral  boundaries  (45m  from 
the  wells),  however,  is  similar  allowing  for  variations  in 
reservoir  properties  at  approximately  5.8  years,  4.7  years,  5.2 
years  and  3.5  years  respectively.  The  shapes  of  the  steam 
chamber  are  somewhat  different  for  the  45m  case  and  may 
explain  the  lower  than  expected  CDOR  and  illustrate  the  need 
to  optimize  the  interwell  pair  spacing.  The  CSORs  decrease 
from  3 . 57  for  8m  net  pay  to  1 . 85  for  45m  net  pay  as  expected 
due  to  lower  heat  losses  to  the  over  and  underburdens  for 
thicker  net  pays. 

4.3  Commercial  Projects 

The  well  pair  performance  plots  from  the  simulations 
were  used  to  generate  well  pair  drilling  schedules  and 
cormnercial  project  bitumen  and  water  production  and  steam 
injection  predictions  as  shown  on  Figures  3.5  and  Figures 

4.4  to  4.6. 

The  well  pairs  necessary  to  supply  a  30,000  barrels  per 
day  plant  for  30  years  is  1 16, 218, 322  and  1 158  for  45m,  24m, 
16m  and  8m  net  pay  thicknesses  respectively. 

4.4    Social  Supply  Cost 


The  social  supply  costs  for  the  four  pay  thickness  cases 
are  shown  on  Table  4. 1  and  surmnarized  as  follows: 


Case  4 

Casel 

Case 3  (BaseCase)  Case 2 

Reservoir  Pay  (m) 

8 

16 

24 

45 

Pattern  Life  (yrs) 

3.50 

6.50 

8.75 

17.25 

Social  Supply 
Cost($bbl) 

15.74 

9.35 

8.78 

7.35 

Plant  Production 
(E6m') 

452 

46.9 

47.2 

47.8 

Plant  Efficiency  (%) 
For  30  Years 

86.5 

89.7 

90.2 

91.7 

Total  Wells 

1158 

322 

218 

116 

As  shown,  the  social  supply  costs  increase  from  $7.35/ 
bbl  to  $  15.74^bl  with  net  pay  decreasing  from  45m  to  8m.  As 
noted  in  4.2,  the  bitumen  recovery  decreases  from  82.3%  to 
40.7%  over  the  same  net  pay  range. 


4.5    Summary  and  Findings 

Cumulative  calendar  day  oil  rates  (CDOR)  and  cumula- 
tive steam  oil  ratios  (CSOR)  for  various  net  pay  thicknesses 
are  plotted  on  Figure  4.7.  As  discussed  previously,  the  effect 
of  interwell  pair  spacing  and  reservoir  parameter  distribution 
is  believed  to  have  resulted  in  a  pessimistic  value  of  CDOR 
from  the  45m  net  pay  thickness  simulation  and  explains  the 


"Thermal  Recovery  of  Oil  and  Bitumen,"  by  RM.  Butler,  199 1,  published  by  Prentice-Hall 
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apparent  change  in  a  decline  trend  between  16m  and  8m  of 
net  pay.  The  more  rapid  increase  in  CSOR  at  net  pays  below 
16m  is  believed  due  to  a  greater  portion  of  the  steam 
consumed  by  heat  losses  to  the  over  and  underburden  for 
thinner  pay  sections. 

Social  supply  costs  and  bitumen  recoveries  are  plotted 
versus  net  pay  thickness  on  Figure  4.8.  These  plot  also 
show  a  dramatic  decrease  in  bitumen  recovery  and  increase 
in  social  supply  cost  for  net  pay  thicknesses  less  than  about 
1 5  metres.  The  decrease  in  bitumen  recovery  from  74%  for 
16m  net  pay  to  4 1%  for  8m  net  pay  is  due  primarily  to  the 
maximum  bitumen  production  rate  for  8m  net  pay,  being 


much  closer  to  the  economic  limit,  reaching  it  earlier  signifi- 
cantly affecting  bitumen  recovery.  Increased  drilling  costs  of 
almost  $5^bl  and  gas  costs  of  almost  $l/bbl  are  the  major 
contributors  to  social  supply  costs  increasing  from  $9.35^bl 
for  16m  net  pay  to  $  15.74/bbl  for  8m  net  pay. 

It  appears  that  a  current  reasonable  minimum  reservoir 
thickness  in  which  the  dual  well  S  AGD  process  can  be 
applied  is  15m  based  on  the  assumed  reservoir  quality  and 
steam  chest  operating  pressure.  It  stressed,  however,  that 
this  minimum  thickness  will  be  dependent  upon  a  number  of 
factors  such  as  reservoir  quality  and  steam  chamber 
operating  pressures. 


Table  4.1 

Athabasca  McMurray  Effect  of  Net  Pay  Thickness  Study 
Performance  Forecast  and  Supply  Price  Summary 
Discounted  to  10%  to  1995  Dollars 

Case  Study  8m  Net  Pay  Thickness      1 6m  Net  Pay  Thickness     24m  Net  Pay  Thickness     45m  Net  Pay  thickness 


Cost  Centre 

Supply 
Cost 

Cost 
Share  (%) 

Supply 
Cost 

Cost 
Sliare  (%) 

Supply 
Cost 

Cost 
Share  (%) 

Supply 
Cost 

Cost 
Share  (%) 

Capital  Cost 

uniiing 

At,  QOO/ 
*fO.Oo/o 

OA  470/ 

$12.36 

22.38% 

t7  07 

1 1  .COM 

Seism/Delin/Eng 

$0.31 

0.31% 

$0.32 

0.54% 

$0.32 

0.59% 

$0.31 

0.67% 

Steam  Facilities 

$6.09 

6.15% 

$4.23 

7.18% 

$3.99 

7.22% 

$3.33 

7.21% 

Other  Facilities 

$12.19 

12.32% 

$12.65 

21.51% 

$12.90 

23.35% 

$12.42 

26.86% 

Total  Capital 

$63.96 

64.60% 

$31.59 

53.71% 

$29.56 

53.53% 

$24.04 

51.97% 

Operating  Cost 

Gas  Cost 

$20.59 

20.79% 

$14.56 

24.76% 

$13.30 

24.08% 

$10.93 

23.64% 

Utilities 

$5.49 

5.54% 

$3.90 

6.62% 

$3.56 

6.44% 

$2.94 

6.35% 

Production  Treating 

$0.78 

0.78% 

$0.78 

1.33% 

$0.78 

1.42% 

$0.78 

1.68% 

Water  Treating 

$1.57 

1.59% 

$1.12 

1.90% 

$1.02 

1.85% 

$0.85 

1.78% 

Rxed  and  Other 

$6.62 

6.69% 

$3.87 

11.68% 

$7.00 

12.68% 

$6.74 

14.58% 

Total  Operating  Cost 

$35.04 

35.40% 

$27.23 

46.29% 

$25.66 

46.47% 

$22.21 

48.03% 

Total  Cost/m"  BIT 

$99.00 

100.00% 

$58.82 

100.00% 

$55.23  100.00% 

$46.25 

100.00% 

Total  Cost/bbi  BIT 

$15.74 

$9.35 

$8.78 

$7.35 

Plant  Summary 

Cum  Bitumen  Produced  (Pm') 

45,164 

46.874 

47,117 

47.838 

Cum  Steam  Injected  (E^m^) 

169.822 

124.251 

112.515 

94,460 

Cum  Water  Produced  (E^m^) 

155.068 

114,679 

103.990 

86.957 

Plant  CDOR  (mVd) 

4.125 

4,281 

4,303 

4,369 

Plant  CSOR  (mYm^) 

3.76 

2.65 

2.39 

1.97 

Number  of  wells 

1158 

322 

218 

116 

Plant  Efficiency  (%) 

86.5 

89.8 

90.3 

91.7 

Avg.  Well  Summary 

Pattern  Life  (yrs) 

3.5 

6.5 

8.75 

17.25 

Bitumen  Produced  (E^m^) 

39 

146 

219 

472 

Steam  Injected  (Pm^) 

139 

368 

502 

870 

Water  Produced  (Pm^) 

134 

357 

489 

860 

Well  CDOR  (mVd) 

31 

62 

69 

75 

Well  CSOR  (mVm^) 

3.57 

2.52 

2.29 

1.85 

Recovery  (90m  spacing) 

40.7% 

73.7% 

79.8% 

82.3% 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  8  m  Net  Pay  Thickness 


160 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  45  m  Net  Pay  Thickness 


Figure  4.3 
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PLANT  FORECAST 
Athabasca  McMurray  - 16  m  Net  Pay  Thickness 


0  5  10  15  20  25  30 

Year 


Figure  4.5 

PLANT  FORECAST 
Athabasca  McMurray  -  45  m  Net  Pay  Thickness 


Year 

Figure  4.6 
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Athabasca  McMurray 
CDOR  and  CSOR  vs.  Net  Pay  Thickness 


Figure  4. 7 


Athabasca  McMurray 
Social  Supply  Cost  and  Bitumen  Recovery  vs.  Net  Pay  Thickness 


Net  Pay  Thickness  (m) 
[--♦•-•  Bitumen  Recovery  — ■ — Social  Supply  Cost  | 
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5.0  Effect  of  Overlying  Water 

The  effect  of  gas  caps  on  SAGD  performance  was 
addressed  in  the  companion  to  this  report.  Gas  caps  in  the 
Athabasca  McMurray  formation,  however,  are  quite  often 
associated  with  water  sands  overlying  the  oil  sand.  The 
effect  of  these  water  sands  on  SAGD  performance  with  and 
without  gas  caps  using  numerical  simulation  has  been 
assessed  and  is  reported  in  this  section. 

5.1  Model  Description 

The  model  used  to  study  the  effect  of  water  sands  and 
combinations  of  gas  caps  and  water  sands  on  SAGD 
performance  is  the  3D,  three  well  pair  configurations  used  to 
study  gas  cap  effects  described  in  the  companion  report.  For 
purposes  of  clarification  Table  5. 1  describes  the  reservoir 
properties  included  in  the  model  and  Figure  5.1  shows  the 
well  pairs  and  model  configuration.  The  model  consists  of 
24m  of  oil  sand  net  pay  overlain  by  combinations  of  Om,  5m 
and  10m  thicknesses  of  gas  and/or  water  sand.  The  reservoir 
properties  of  the  gas  sands  are  30%  porosity,  2000  mD 
horizontal  permeability,  200  mD  vertical  permeability,  80% 
initial  gas  saturation  and  20%  initial  water  saturation.  No 
initial  bitumen  saturation  was  assigned  to  the  gas  sands, 
however,  a  20%  residual  bitumen  saturation  was  assigned. 
The  porosity  and  permeabilities  of  the  water  sands  were  the 
same  as  for  the  gas  sands,  however,  80%  and  20%  initial 
water  and  bitumen  saturations  were  assigned  respectively. 
The  grid  block  sizes  used  for  the  gas  cap  and  water  sands 
were  the  same  as  for  the  oil  sand  with  exception  of  the 
vertical  dimension  which  was  increased  from  1 .5m  to  2.5m. 
Steam  injection  and  bitumen  and  water  productions  were 
simulated  for  both  non-depleted  (1800  kPa)  and  depleted 
(550  kPa)  gas  and/or  water  sand  pressures  with  steam 
chamber  pressures  of 2600  kPa  for  a  base  (no  water  or  gas 
cap)  case  and  five  combinations  of  overlying  gas  and  water 
sand  thicknesses. 


Although  the  model  provides  a  reasonable  prediction  of 
SAGD  performance  with  no  gas  or  overlying  water,  it's 
reliability  with  gas  caps  and  overlying  water  sands  is 
unproven  to  date.  The  results  must,  therefore,  be  used  with 
caution. 

5.2    Simulation  Results 

The  table  below  summarizes  the  perfonnance  of  typical 
well  pair  performance  for  the  cases  simulated. 

The  target  steam  chamber  operating  pressure  in  each 
case  was  2600  kPa  but  steam  injection  rates  were  limited  to  a 
maximum  of 400  m^  per  day  per  well  pair.  These  maximum 
rates  limited  injection  to  varying  degrees  in  all  of  the  10m 
sands  with  exception  of  the  10m  non-depleted  gas  sand  for 
which  outflow  at  the  gas  cap  was  restricted. 

Individual  well  pair  steam  injection  and  bitumen  and 
water  production  predictions  for  the  5m  water  sand  and  5m 
gas  plus  5m  water  sand  and  10m  water  sand  cases  for  both 
non-depleted  and  depleted  cases  are  shown  on  Figures  5.2 
to  5.7.  Well  pair  forecasts  for  the  other  cases,  Om,  5m  and 
10m  gas  caps,  were  presented  in  the  companion  report 
addressing  gas  cap  effects  and  are  not  repeated  here. 

Of  particular  interest  in  analyzing  the  migration  of  steam 
into  the  overlying  gas  and  water  sands  is  the  possibility  of 
bitumen  moving  into  these  sands  ahead  of  or  with  the  steam, 
cooling  and  then  acting  as  a  partial  plug  in  restricting  the 
loss  of  steam.  This  is  a  very  complex  mechanism  and  may 
not  be  represented  correctiy  by  the  model  used  to  simulate 
performance.  At  this  time,  however,  these  models  are  our 
best  means  of  predicting  performance. 

Simulated  productions  of  gas,  water  and  bitumen  from 
the  gas  or  water  sand  back  pressure  well  and  bitumen 
saturation  cross-section  profiles  in  later  pattern  life  are 
included  with  simulation  output  in  Appendix  3 .  Three  criteria 
were  used  to  analyze  the  output  for  impact  of  overlying  gas 
and  water  sands;  outflow  volume  during  the  pattern  life, 
lateral  extension  of  the  steam  chamber  past  the  normal 


Non-depleted  Depleted 


Overlying  Gas  and 
Water  Sand  Thickness 

CDCK 
(mVd) 

CSCK. 

Recovery 
(%) 

Pattern 
Life 
(Yrs) 

CDCR 
(mVd) 

CSOFl 

Recovery 
(%) 

Pattern 
life 
(Yrs) 

Omgas/Om  water 

79 

2.70 

82.3 

8.25 

80 

2.12 

81.1 

8.00 

0mgas/5m  water 

84 

2.92 

73.8 

7.25 

83 

2.96 

73.6 

7.25 

5m  gas/Om  water 

80 

3.08 

75.4 

7.50 

81 

3.33 

73.2 

7.25 

5m  gas/5m  water 

77 

3.87 

70.5 

7.25 

72 

4.64 

69.2 

7.50 

Om  gas/1  Om  water 

78 

3.02 

78.6 

8.25 

76 

4.33 

64.8 

7.25 

10m  gas/Om  water 

78 

3.58 

73.8 

7.50 

69 

5.12 

63.4 

7.25 
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outside  boimdaiy  of  the  pattern,  and  bitumen  volume  which 
moved  into  the  gas  cap  and  water  sand  beyond  the  steam 
chamber  at  the  end  of  the  pattern  hfe.  Estimates  of  these 
criteria  are  plotted  on  Figures  5.8(a),  (b)  and  (c).  Comparison 
of  the  pattern  outflow  and  lateral  extension  of  the  steam 
chamber  for  various  types,  thicknesses  and  pressures  of 
overlying  sands  show  that  both  outflow  and  steam  zone 
width  increase  with  increasing  overlying  gas  cap  and/or 
water  sand  thickness  and  with  increasing  pressure  differen- 
tial between  the  steam  chamber  and  overlying  sand  (a  high 
back  pressure  of  1800  kPa  has  a  differential  pressure  of  up  to 
800  kPa  whereas  a  low  back  pressure  of  550  kPa  has  a 
differential  pressure  of  up  to  2050  kPa). 

The  volume  of  bitumen  moved  into  the  overlying  gas 
cap  and  water  sand  beyond  the  steam  chamber  was  esti- 
mated from  bitumen  saturation  cross  section  profiles  and 
plotted  as  m^  of  bitumen  per  metre  of  well  length  in  Figure 
5.8(c).  These  bitumen  volimies  in  some  cases  relate  to  the 
outflow  and  steam  chamber  extension  as  expected.  Although 
partial  plugging  may  be  occurring,  it  is  not  evident  from  this 
data. 

5.3  Commercial  Project 

The  well  pair  performance  plots  from  the  simulation  runs 
were  used  to  generate  well  pair  drilling  schedules  and 
commercial  project  bitumen  and  water  production  and  steam 
injection  predictions  as  shown  on  Figures  5.9  to  5. 14.  The 
well  pairs  necessary  to  supply  a  30,000  barrels  per  day  plant 
for  30  years  is  feirly  similar  varying  from  202  to  248. 

5.4  Social  Supply  Costs 

The  social  supply  costs  for  the  cases  studied  are 
tabulated  on  Table  5.2  and  together  with  the  number  of  well 
pairs  and  bitumen  recoveries  are  summarized  in  the  table 
below. 

Social  supply  costs  vary  from  a  low  of  $9. 12/bbl  of 
bitumen  for  no  overlying  gas  or  water  to  $  12.99^bl  for  a  10m 
gas  cap.  Pattern  bitumen  recoveries  vaiy  from  a  high  of 
82 . 3%  for  no  overlying  gas  or  water  to  a  low  of  63 .4%  for  a 


10m  gas  cap.  As  expected,  social  supply  costs  are  generally 
higher  for  depleted  compared  to  non-depleted  overlying  gas 
and/or  water  sands  and  are  higher  for  thicker  overlying  gas 
and/or  water  sands. 

5.5    Summary  and  Findings 

Bitumen  recoveries  and  social  supply  costs  are  com- 
pared for  various  overlying  gas  and/or  water  sand  thickness 
and  depletion  on  Figures  5. 15  and  5. 16.  As  mentioned 
previously,  bitumen  supply  costs  seem  to  increase  with 
increasing  thickness  of  the  overlying  gas  and  water  sands 
and  are  generally  higher  for  depleted  than  non-depleted 
pressure.  With  exception  of  the  non-depleted  10m  gas  cap 
case,  in  which  the  gas  production  rate  at  the  gas  cap 
constant  pressure  well  was  restricted  resulting  in  better 
performance,  water  sands  appear  to  have  a  less  negative 
impact  on  social  supply  costs  than  gas  caps.  Recovery 
decreases  with  increasing  gas  cap  and  water  sands  thick- 
ness and  is  generally  less  for  depleted  as  con:q)ared  to 
non-depleted  pressures.  With  the  exception  of  the  5m  gas 
and  water  non-depleted  cases,  bitumen  recovery  is  also 
better  with  the  water  sands  than  gas  caps.  Although  the 
effect  of  overlying  water  sand  and  gas  sand  are  not  signifi- 
cantly different,  the  mechanisms  involved  with  steam 
breaking  into  an  overlying  water  sand  are  unknown  and  may 
be  more  complex  than  for  a  gas  cap.  Where  as  the  negative 
effect  of  steam  breaking  into  a  gas  zone  may  be  mitigated  by 
gravity  segregation  of  the  gas  and  steam,  steam  breaking 
into  a  water  zone  does  not  have  the  same  segregation.  Steam 
must  heat  the  water  to  steam  conditions  as  the  water  drains 
into  the  steam  chamber  and  displace  it  from  the  steam 
chamber  area  to  prevent  quenching  the  SAGD  process  by 
the  water.  Laboratory  and  field  testing  is  warranted  to  better 
understand  the  mechanisms  involved  and  verify  the 
numerical  model. 


Non-depleted 

Depleted 

Bitumen 

Bitumen 

Overlying  Gas  and 

SSC 

No.  of 

Recovery 

SSC 

No.  of 

Recovery 

Water  Sand  Thickness 

($/bbl) 

Well  Pairs 

(%) 

($/bbl) 

Well  Pairs 

(%) 

Omgas/Om  water 

9.12 

202 

82.3 

9.15 

202 

81.1 

Omgas/5m  water 

9.58 

208 

73.8 

9.56 

210 

73.6 

5m  gas/Om  water 

9.80 

214 

75.4 

10.17 

214 

73.2 

5m  gas/5m  water 

11.17 

222 

70.5 

12.39 

222 

69.2 

Omgas/lOm  water 

10.91 

222 

78.6 

11.65 

240 

64.8 

10m  gas/Om  water 

10.63 

218 

73.8 

12.99 

248 

63.4 
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Table  5.1 

Athabasca  McMurray  Formation  Reservoir  Parameters  for  3D  Model 


J=2(400m) 

J=l(100m) 

Grid  No. 

Phi 

Sw 

So 

Ki=Kj 

Kk 

Phi 

Sw 

So 

Ki  =  Kj 

Kk 

13-? 

0.30 

* 

* 

2000 

200 

0.30 

* 

* 

2000 

200 

12 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

11 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

10 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

9 

0.30 

0.25 

0.75 

2000 

200 

0.30 

0.25 

0.75 

2000 

200 

g 

0.35 

0.15 

0.85 

10000 

2500 

0.30 

0.25 

0.75 

2000 

200 

7 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

6 

0.30 

0.25 

0.75 

2000 

200 

0.35 

0.25 

0.85 

10000 

5000 

5 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

4 

0.30 

0.25 

0.75 

2000 

200 

0.35 

0.15 

0.85 

10000 

5000 

3 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

2 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

1 

0.35 

0.15 

0.85 

10000 

2500 

0.35 

0.15 

0.85 

10000 

5000 

2m  grid  blocks  in  the  k  direction 

*  Variable,  see  discussion 
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12  (2m)  grid  blocks 


MULTI  WELL  PAIR  MODEL 


j=2(4O0m) 


Pressure  Sink 
Horizontal  Well 


J=1  (100m) 


Hgure  5.1  —  Schematic  of  3D  Mutti-WeU-Pair  Model 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  5  m  Water  Sands  at  550  kPa 


Figure  5.3 


Bitumen  Rate 
Steam  Rate 
Water  Rate 


X  -  SOR 


Economic  Limit  (yrs)  =  7.25 


AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -  5  m  Gas  Cap  &  5  m  Water  Sands  at  1800  kPa 


-♦—  Bitumen  Rate  (m3/d) 
—  Steam  Rate  (m3/d) 
Water  Rate  (m3/d) 
-  -  SOR  (m3/m3) 


Economic  Limit  (yrs)  =  7.26 


Figure  5.4 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  -5m  Gas  Cap  &  5  m  Water  Sands  at  550  kPa 
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AVERAGE  WELL  PROFILE  FROM  SIMULATION  RESULTS 
Athabasca  McMurray  - 10  m  Water  Sands  at  550  kPa 
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Pattern  Lateral  Extension 


Figure  5.8c 
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PLANT  FORECAST 
Athabasca  McMurray  -  5  m  Water  Sands  at  1800  kPa 


0  5  10  15  20  25  30 

Year 


Figure  5.9 


PLANT  FORECAST 
Athabasca  McMurray  -  5  m  Water  Sands  at  550  kPa 


0  5  10  15  20  25 

Year 


Figure  5.10 
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PLANT  FORECAST 
Athabasca  McMurray  -  5  m  Gas  Cap  &  5  m  Water  Sands  at  1800  kPa 


Year 

Figure  5.11 


PLANT  FORECAST 
Athabasca  McMurray  •  5  m  Gas  Cap  &  5  m  Water  Sands  at  550  kPa 


0  5  10  15  20  25  30 

Figure  5.12 
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PLANT  FORECAST 
Athabasca  McMurray  - 10  m  Water  Sands  at  1800  kPa 


Figure  5.13 


PLANT  FORECAST 
Athabasca  McMurray  •  10  m  Water  Sands  at  550  kPa 


10,000 


— «—  Bitumen  Rate 
Steam  Rate 
Water  Rate 

New  Wells  on  Production 


Bitumen  Rate 
Steam  Rate 
Water  Rate 

New  Wells  on  Production 


Figure  5.14 
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Athabasca  McMurray  Effect  of  Overlying  Gas  and/or  Water 
Bitumen  Recovery  for  Various  Gas  and/or  Water  Thicknesses 


■  High  Pressure  □  Low  Pressure 


Om  GssCip 


5mG« 
SmW^e 

iCap 

rSandt 

Om  Gas  Cap 
10  m  Water  Sands 


Figure  5.15 


Athabasca  IMclMurray  Effect  of  Overlying  Gas  and/or  Water 
Social  Supply  Costs  for  Various  Gas  and/or  Water  Thicknesses 

I B  High  Pressure  D  Low  Pressure] 


0  m  Gas  Cap 
10  m  Water  Sands 


Figure  5.16 
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6.0  Sensitivities 

Sensitivities  of  supply  cost  to  a  number  of  factors 
including  pattern  life,  gas  cost  and  a  discount  factor  and  of  a 
cumulative  steam  oil  ratio  to  other  general  reservoir  param- 
eters were  analyzed.  The  results  of  these  analyses  are 
presented  in  this  section  and  shown  as  spider  diagrams  on 
Figures  6.1  and  6.2. 

6.1  Pattern  Life 

To  test  the  sensitivity  of  the  pattern  life,  four  runs  were 
completed  using  the  Athabasca  McMurray  base  case  (no 
gas  cap)  with  the  pattern  lives  of  4,  6,  8  and  10  years.  The 
results  are  provided  in  Table  6. 1  and  show  that  if  the  pattern 
life  is  reduced  too  much,  the  supply  price  begins  to  increase 
(as  shown  in  the  4-year  case)  due  to  less  than  optimum  use 
of  well  drilling  investment.  The  bitumen  recovery  is  also 
reduced  since  the  pattern  would  be  abandoned  at  a  higher 
bitumen  production  rate.  The  social  supply  cost  for  the  6 
and  8-year  pattern  life  cases  are  similar,  $9. 17/bbl  and  $9. 15/ 
bbl,  respectively.  The  recovery,  however,  is  lower  for  the  6- 
year  life  (68%  as  compared  to  81%).  This  suggests  that  the 
production  gained  from  the  additional  two  years  justifies  the 
additional  cost  associated  with  the  larger  steam  facilities  and 
higher  gas  consumption  in  the  8-year  pattern  life  as  com- 
pared with  the  6-year  case. 

6.2  Gas  Price 

The  gas  cost  was  varied  from  $2.75/GJ  to  $1 .65/GJ 
($2.20/GJ  -  25%)  for  the  Atiiabasca  McMurray  10m  gas  cap 
depleted  case.  The  results  are  provided  in  Table  6.2.  The 
decrease  in  gas  cost  ($1. 65/GJ)  case  did  not  affect  the 
bitumen  recovery  as  compared  to  the  base  case,  however,  it 
did  lower  the  supply  cost  by  $  1 .04/bbl.  The  pattern  life  was 
7.25  and  7.5  years  for  the  $2.20/GJ  and  tiie  $1 .65/GJ  cases, 
respectively.  When  the  gas  cost  was  increased  to  $2.75/GJ 
the  pattern  life  was  reduced  from  7.25  to  2.75  as  compared 
with  the  $2.20/GJ  case.  The  reduction  in  pattern  life  in- 
creased the  supply  cost  from  $12.99/bbl  to  $13.44^bl  and 
lowered  the  pattern  bitumen  recovery  from  63 .4  to  25 .5  %. 
The  large  drop  in  recovery  increased  the  number  of  well 
pairs  needed  to  siqjply  the  plant  from  248  to  658.  The  10m 
gas  cap  depleted  case  chosen  for  this  analysis  had  a 
relatively  high  CSOR  and  gas  consumptiorL  The  higher  gas 
cost  would  show  less  effect  on  bitumen  recovery  (pattern 
life)  and  social  supply  cost  for  other  cases  with  lower  gas 
consumption.  A  summary  of  the  undiscounted  costs  (1995 
dollars)  is  provided  in  Table  6.3  and  6.4  on  a  year-by-year 
basis  for  the  $2.20/GJ  and  $2.75/GJ  cases. 


6.3  Discount  Factor 

The  social  supply  cost  used  for  comparing  alternatives 
represents  the  cost  per  imit  of  production  over  the  project 
life  that  will  provide  a  rate  of  return  implied  by  the  discount 
rate  before  taxes  and  royalties.  A  discount  rate  of  10%  is 
assumed  for  comparison  purposes.  To  test  the  supply  cost 
sensitivity  to  the  discount  rate,  two  additional  economic 
runs  were  completed  at  15%  and  20%.  These  discount  rates 
of  15%  and  20%  significantiy  increased  the  social  supply 
cost  by  1 9. 8%  and  4 1 . 9%,  respectively  from  the  base  case 
and  are  shown  on  Table  6.5.  The  discount  rate  only  affected 
the  supply  price  and  not  the  recovery. 

6.4  Other  Reservoir  Parameters 

A  study  conducted  by  the  Alberta  Oil  Sands  Technol- 
ogy and  Research  Authority  in  1992  investigated  the 
sensitivity  of  the  SAGD  performance  to  various  parameters. 
The  results  of  the  study  are  summarized  in  a  report,  "Extend- 
ing the  SAGD  Process  to  Other  Reservoir  Types  — 
Sensitivity  Study,"  by  G.  Yang,  B.I.  Nzekwu  and  W.K.  (jood 
dated  October  1992  (appendix  4).  The  study  was  based  on 
numerical  simulation  predictions  using  homogeneous 
reservoir  descriptions,  except  those  cases  where  shale  layers 
were  purposely  included.  The  effect  of  a  number  of  param- 
eters, including,  formation  thickness,  horizontal  and  vertical 
permeability,  oil  saturation,  wettabihty,  tight  layers,  bottom 
water  and  viscosity  were  considered.  The  results  are 
summarized  on  Table  6.6  and  the  effects  on  a  cumulative 
steam  oil  ratio  shown  for  some  of  the  parameters  in  Figure 
6.2. 

Although  a  direct  comparison  between  the  1992  and 
current  study  is  not  possible  because  of  homogeneous 
conditions,  smaller  well  spacing  and  different  operating 
pressure  in  the  1992  study  the  general  trends  are  of  interest 
and  similar.  From  a  sensitivity  perspective,  major  conclu- 
sions from  the  1992  study  include: 

1.  In  high  permeability  reservoirs,  the  oil  rate  is  mainly  a 
fimction  of  the  gravity  drainage  height  or  formation 
thickness.  A  40-metre  thick  formation,  for  example, 
produced  almost  twice  as  much  as  a  20-metre  thick 
formation.  In  low  permeability  reservoirs,  however,  the 
extra  thickness  does  not  generate  higher  rates  as  ex- 
pected. 

2.  In  high  permeabihty  reservoirs^  changing  the  spacing 
between  injection  and  production  wells,  or  the  injection 
location  in  the  reservoir,  only  affected  the  start-up  time. 
No  advantages  are  achieved  by  injecting  high  in  a  high 
permeabihty  formation.  In  low  permeability  reservoirs, 
however,  oil  rates  are  improved  significantiy  by  increased 
spacing  between  injection  and  production  wells. 
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3.  Vertical  permeabilities  mainly  controlled  the  oil  production 
rates,  but  their  effects  on  steam  to  oil  ratios. are  relatively 
small. 

4.  Higher  initial  water  saturation  in  the  formation  result  in 
higher  steam  to  oil  ratios,  mainly  due  to  less  oil  produc- 
tion. Some  initial  mobile  water  in  the  formation  accelerated 
the  start-up,  but  also  consumed  an  excessive  amount  of 
steam,  due  to  more  water  production.  This  excessive 
steam  injection  does  not  produce  more  oil. 

5.  Oil-wet  formations  are  favorable  candidates  for  S  AGD 
processes.  This  is  different  from  most  conventional 
driving  processes,  such  as  a  water  flood,  etc. 

6.  Some  non  permeable  tight  streaks  of  limited  areal  extent 
do  httle  damage  to  the  cumulative  performance,  although 
they  affect  some  early  instantaneous  rates.  When  the 
steam  chamber  passed  around  the  streaks,  the  effects  of 
the  streaks  are  no  longer  observable. 

7.  Among  layered  formations,  when  the  higher  permeabihty 
is  the  lower  layer,  the  process  performs  the  best.  Placing 
both  wells  in  this  high  permeabihty  lower  layer  allows  an 
earlier  start-up  and  a  faster  steam  chamber  growth  rate. 
Well  arrangements  are  extremely  critical  in  a  layered 
formatioa 

8.  Oil  viscosity  does  not  play  a  significant  role  in  SAGD 
processes.  Both  lighter  heavy  oil  and  more  viscous  oil 
sands  tend  to  have  very  similar  behaviors  at  steam 
temperatures. 

9.  Peak  oil  rate  is  achieved  when  steam  chamber  reaches 
formation  top.  The  additional  amount  of  the  peak  rate 
above  its  subsequent  stable  drainage  rate  depends  on  the 
formation  permeabilities.  In  practice,  because  of  the 
variation  of  well  separation  along  the  well  pair,  and  effect 
of  heterogeneity,  different  steam  chambers  reach  the  top 
of  the  formation  at  different  points  and  at  different  times. 
Thus,  one  peak  rate  may  not  be  discernible. 


Other  Criteria  Affecting  SAGD  Performance  in  the  Athabasca  McMurray  Formation  35 


Table  6.1 

Athabasca  McMurray 

Pattern  Life  Sensitivity  for  the  Low  Pressure  Base  Case  (Om  Depleted  Gas  Cap) 

Pattern  Ue  (years)  4  6  8  10 


Cost  Centre 

Supply 
Cost 

Cost 
Share  (%) 

Supply 
Cost 

Cost 
Share  (%) 

Supply 
Cost 

Cost 
Share  (%) 

Supply 
Cost 

Cost 
Share  (%) 

wa|llldl  wUM 

uniiiny 

4>  iD.KJC 

^  19  ni 

4>  \c..\J\ 

9n 

1 11  13 
^>  1  1 .  1  o 

1Q4% 
1  y.t  /o 

$  11  09 

18  8% 

1  u.u  /o 

ocisrn/uciin/cng 

4)  u.oo 

U.O/O 

4>  U.OO 

U.D/o 

ii  n  ^9 

U.u  /o 

1;  0  39 

0  5% 

Olcdili  rdLIIIUCd 

15  4  4(1 

u  4  3n 

7  R% 
/  .3/0 

1;  4  7fi 

R  3% 
o.o/o 

$4.93 

8.4% 

rHher  Fapilitiac 
UUI6I  rauiiiuco 

$  13  35 

21  8% 

$  19  97 

99 

^^.o  /o 

1;  19  fin 

91  9% 

$  12.70 

21.5% 

Tntal  Panital 

1;  ^3 11 

1% 

^  9Q  fil 

R1  3% 

t  9fi  R1 

$29  04 

49  9% 

/o 

$  14  97 

24  4% 

15 11^  07 
4>  i<J.V// 

9fi  1% 

^U.  1  /o 

15 1R  fiQ 

97  3% 
c.  /  .o  /o 

$  16  56 

28 1  % 

C\J.  1  /o 

Utilities 

$4.02 

6.6% 

$4.04 

7.0% 

$4.20 

7.3% 

$4.43 

7.5% 

Production  Treating 

$0.79 

1.3% 

$0.78 

1.4% 

$0.78 

1.4% 

$0.78 

1.3% 

Water  Treating 

$1.11 

1.8% 

$1.14 

2.0% 

$1.20 

2.1% 

$1.27 

2.2% 

Fixed  and  Other 

$7.25 

11.8% 

$7.04 

12.2% 

$6.84 

11.9% 

$6.90 

11.7% 

Total  Operating  Cost 

$28.14 

45.9% 

$28.08 

48.7% 

$28.71 

49.9% 

$29.94 

50.8% 

Total  Cosi/m^  BIT 

$61.25 

100.0% 

$57.69 

100.0% 

$57.52 

100.0% 

$58.98 

100.0% 

Total  Cost/bbI  BIT 

$9.74 

$9.17 

$9.15 

$9.38 

Plant  Summary 

Cum  Bitumen  Produced  (Pm^) 

45,681 

47,020 

46,754 

47,138 

Cum  Steam  Injected  (Pm^) 

122,791 

127,008 

133,320 

145,164 

Cum  Water  Produced  (Pm^) 

108.752 

115.692 

122,936 

134,002 

Plant  CDOR(myd) 

4.172 

4,294 

4,270 

4,305 

Plant  CS0R(mVm3) 

2.69 

2.70 

2.85 

3.08 

Number  of  wells 

358 

242 

202 

194 

Ava  Well  Summarv 

Pattem  Life  (yrs) 

4 

6 

8 

10 

Cum  Bitumen  Produced  (Pm^) 

128.4 

197.1 

233.5 

248.1 

Cum  Steam  Injected  (Pm^) 

328.1 

505.6 

634.5 

736.2 

Cum  Water  Produced  (Pm^) 

306.0 

485.2 

616.2 

715.9 

WellCDOR(mVd) 

87.9 

90.0 

80.0 

68.0 

WellCS0R(mVm3) 

2.56 

2.57 

2.72 

2.97 

Recovery  (90m  spacing) 

45% 

68% 

81% 

86% 
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Table  6.2 

Athabasca  McMurray 

Gas  Cost  Sensitivity  for  a  10m  Depleted  Gas  Cap 

Gas  cost  ($/GJ)  2.2  2.75  1.65 


WU«I  WCllllC 

Supply 
Cost 

Cost 
Share  f%) 

Supply 
Cost 

Cost 
Share  1%) 

Supply 
Cost 

Cost 
Share  (%) 

Capilal  Cost 

Drilling 

$  13.20 

1 6.270 

oo  oo 

$  23.82 

OQ  00/ 
28.270 

d"  H  1  OC 

$  13.26 

H  "7  CO/ 

1 7.6% 

Seism/Delin/Eng 

$  0.33 

t\  AO/ 
0.47O 

f\  AO/ 

U.470 

^  n  0/1 
5)  U.34 

n  AO/ 
0.47O 

Steam  Facilities 

H  -t  10/ 
11. 1  /o 

8  10/ 
O.l  /o 

(  Q  1  Q 

1  0  oo/ 

Other  Facilities 

!^  1  o.oo 

ID.O/o 

^A  QO/ 

In.y/o 

t  1  0  41 

1  7  QO/ 
1  I.O/o 

lotal  uapitai 

*  or  Qc 

A  A  no/ 

^  /lO  C/1 

C1  CO/ 

t  OC  1  Q 

A  Q  00/ 

Operating  Cost 

Gas  Cost 

^  OQ  QQ 

QC  00/ 

4>  <:D.Do 

01  CO/ 
Ol.D/o 

t  01  QO 

OQ  00/ 

Utilities 

$7.72 

9.4% 

$5.75 

6.8% 

$7.83 

10.4% 

Production  Treating 

$0.79 

1.0% 

$0.78 

0.9% 

$0.79 

1.0% 

Water  Treating 

$1.13 

1.4% 

$0.98 

1.2% 

$1.14 

1.5% 

Fixed  and  Other 

$7.25 

8.9% 

$6.83 

8.1% 

$7.28 

9.7% 

Total  Operating  Cost 

$45.77 

56.0% 

$41.02 

48.5% 

$38.96 

51.8% 

Total  Cost/m^  BIT 

$81.72 

100.0% 

$84.56 

100.0% 

$75.14 

100.0% 

Total  Cost/bbI  BIT 

$12.99 

$13.44 

$11.95 

Plant  Summary 

Cum  Bitumen  Produced  (Pm^) 

44944 

48998 

45624 

Cum  Steam  Injected  (Pm') 

241894 

190088 

249476 

Cum  Water  Produced  (Pm^) 

110993 

102539 

113870 

Plant  CDOR  (mVd) 

4104 

4475 

4167 

Plant  CS0R(mVm3) 

5.38 

3.88 

5.47 

Number  of  wells 

248 

688 

248 

Avg.  Well  Summary 

Pattern  1  ifp  /\/rc^ 
rauciii  uic^yioy 

f  .CO 

7  ^ 

1 .0 

Cum  Bitumen  Produced  (Pm^) 

181 

73 

185 

Cum  Steam  Injected  (Pm^) 

928 

271 

964 

Cum  Water  Produced  (Pm^) 

448 

153 

463 

Well  CDOR  (mVd) 

69 

73 

68 

WellCSOR(m3/m3) 

5.12 

3.71 

5.21 

Recovery  (90m  spacing) 

63.4% 

25.5% 

64.8% 
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Table  6.5 

Athabasca  McMurray 

Discount  Factor  Sensitivity  for  the  Low  Pressure  Base  Case  (Om  Depleted  Gas  Cap) 

Discount  Factor  (%)  10  15  20 


Supply 

Cost 

Supply 

Cost 

Supply 

COSl 

Cost  Centre 

Cost 

Share  (%) 

Cost 

Share  (%) 

Cost 

Share  (%) 

Capital  Cost 

Drillina 

$  11.13 

19.4% 

$  14.07 

20.4% 

$  17.24 

21.1% 

Seism/Delin/Eno 

$0,32 

0.5% 

$0.50 

0.7% 

$0.74 

0.9% 

Stsam  Faciliti6S 

$4.76 

8.3% 

$7.04 

10.2% 

$9.60 

11.8% 

Other  Facilities 

$  12.60 

21.9% 

$18.61 

27.0% 

$  25.39 

31.1% 

Total  Capital 

$  28.81 

50.1% 

$  40.22 

58.4% 

$  52.95 

64.9% 

Operating  Cost 

Gas  Cost 

$15.69 

27.3% 

$15.56 

22.6% 

$15.45 

18.9% 

Utirities 

$4.20 

7.3% 

$4.18 

6.1% 

$4.15 

5.1% 

Production  Treating 

$0.78 

1.4% 

$0.78 

1.1% 

$0.78 

1.0% 

Water  Treating 

$1.20 

2.1% 

$1.19 

1.7% 

$1.18 

1.4% 

Fixed  and  Other 

$6.84 

11.9% 

$6.98 

10.1% 

$7.12 

8.7% 

Total  Operating  Cost 

$28.71 

49.9% 

$28.69 

41.6% 

$28.68 

35.1% 

Total  Cost/m"  BIT 

$57.52 

100% 

$68.91 

1 

$81.63 

1 

Total  Cost/bbI  BIT 

$9.15 

$10.96 

$12.98 

Plant  Summary 

Cum  Bitumen  Produced  (Pm^) 

46754 

46754 

46754 

Cum  Steam  Injected  (Pm^) 

133320 

133320 

133320 

Cum  Water  Produced  (Pm^) 

122936 

122936 

122936 

Plant  CDOR  (mVd) 

4270 

4270 

4270 

Plant  CS0R(mVm3) 

2.9 

2.9 

2.9 

Number  of  wells 

202 

202 

202 

Avg.  Well  Summary 

Pattern  Life  (yrs) 

8 

8 

8 

Cum  Bitumen  Produced  (Pm') 

233.5 

233.5 

233.5 

Cum  Steam  Injected  (Pm^) 

634.5 

634.5 

634.5 

Cum  Water  Produced  (Pm^) 

616.2 

616.2 

616.2 

Well  CDOR  (mVd) 

80.0 

80.0 

80.0 

WellCS0R(mVm3) 

2.72 

2.72 

2.72 

Recovery  (90m  spacing) 

81.1% 

81.1% 

81.1% 
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Table  6.6 

Summary  of  Results  from  1992  Sensitivity  Study 


Case 

Case  Description 

Nei  ray 

(m) 

Horizontal  Vertical 
Permeability  Permeability 
(D)  (D) 

■ear 

CDOR 

(m'/D) 

CSOR 

(mVm') 

Bitumen 
Recovery 

(%) 

1 

base 

20 

10 

5 

2.5 

165.4 

2.25 

72 

2 

thickness  change 

40 

10 

5 

2.5 

338.6 

1.79 

73 

3 

low  horizontal  and  vertical  permeability 

20 

1 

0.5 

2.5 

35.8 

3.00 

15 

4.0 

40.3 

3.06 

28 

A 

low  nonzonidi  onu  vcrutrdi  pciiiicduiiiiy 

40 

1 

0.5 

4  n 

oo.o 

14 

10.0 

46.4 

3.13 

40 

5 

increased  inter-well  spacing  (1  Om) 

20 

10 

5 

2.5 

152.7 

2.08 

72 

3.0 

139.1 

2.23 

73 

6 

increased  inter-well  spacing  (1  Om) 

40 

1 

0.5 

10.0 

62.2 

2.50 

54 

7 

lUW  Vci  UudI  pci  iTICdUHIiy 

20 

CM 

10 

0.5 

2  ^ 

24 
err 

4.0 

60.8 

2.74 

42 

8 

low  oil  saturation  (Soi=60%) 

20 

10 

5 

1.5 

154.0 

2.97 

57 

2.5 

120.8 

3.34 

74 

9 

oil  wet,  Krw=-.95 

20 

10 

5 

2.0 

233.3 

1.92 

81 

10 

water  wet,  Krw=0.04 

20 

10 

5 

2.5 

136.9 

2.28 

60 

11 

Cold  Lake  viscosity  u =100,000  cp 

20 

10 

5 

2.5 

172.5 

2.29 

75 

12 

lavoroH'  iinnpr 
leiyci  cu.  u|j|jci 

10 

10 

5 

2  R 

36  1 

1Q 

15 

lower 

10 

■l 

0.5 

13 

layered:  upper 

10 

1 

0.5 

2.5 

148.8 

2.29 

65 

lower 

10 

10 

5 

14 

layered:  upper 

5 

1 

0.5 

2.5 

127.5 

2.12 

56 

middle 

10 

10 

5 

lower 

5 

1 

0.5 

Unless  otherwise  noted  the  following  parameters  apply: 
Operating  Steam  Chest  Pressure  =  2700  kPa        Krw  =  0.45 

Spacing  Between  Well  Pairs  =  70m  Viscosity  at  Initial  Conditions  =  1 ,000,000cp  (Athabasca) 

Porosity  =  35%  Inter  Well  Spacing  =  5m 

Well  Length  =  500m  Initial  Oil  Saturation  =  85% 
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Sensitivities  on 


Social  Supply  Cost 


%  Change  in  Variable 


»     Gas  Cost 
F=!altem  Life 
Discount  Factor 


Figure  6.1 


Sensitivities  on  CSOR 


%  Change  in  Variable 


■Oil  Sand  Thichness 

-  Ratb  of  Vertical  Permeabiity  to  Horizontal  Permeability 
-Vertical  PerrrBabUly 
hitial  Oil  Saturatbn 
■  hitial  Oil  Sand  Viscosity 


Figure  6.2 
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Appendix  1 


Overburden  Considerations,  Simulation  Data  Set  and  Results, 
Commercial  Plant  Utilization  and 

Detailed  Plant  Bitumen  Forecasts  and  Undiscounted  Costs 
for  Athabasca  McMurray 


Athabasca  Wabiskaw-McMurray 
Overburden  Considerations 

Maximum  operating  pressm-e  is  one  of  the  issues  being 
addressed  as  Industry  considers  applying  the  SAGD 
process  at  shallow  depths.  The  results  of  a  brief  hterature 
search  and  some  comments  pertaining  to  this  issue  are 
presented  in  the  following  discussion. 

Pressures  at  which  in-situ  processes  in  the  Athabasca 
area  can  be  operated  have  been  a  topic  of  considerable 
thought  and  discussion  particularly  as  it  applies  to  shallow 
deposits.  Some  areas  with  high  bitumen  saturation  over  the 
entire  section  can  be  operated  at  conditions  under  fracture 
pressure  but  considerably  above  the  original  reservoir 
pressure.  In  areas  where  higher  water  saturated  sands  exist 
within  the  oil  sand,  injection  fluid  leak-off  may  occur  laterally 
and  negatively  impact  the  economics  of  recovery  processes. 
Fluid  leak-ofif  may  occur  vertically  as  well  if  the  overburden 
is  not  an  effective  pressure  seal.  These  conditions  will 
dictate  that  SAGD  be  operated  at  close  to  the  reservoir 
pressure. 

The  literature  search  on  the  topic  of  hydrogeology  of 
the  Athabasca  Oil  Sands  area  identified  a  number  of 
applicable  papers  and  reports,  the  most  applicable  summa- 
rized in  the  following  discussion. 

Regional  Pressures 

A  technical  paper,  "Hydrogeology  of  Formation  Waters, 
Northeastern  Alberta  Basin"  by  Stefan  Bachu  and  J.R. 
Underschultz  published  in  tiie  AAPG  Bulletin  October  1993, 
addressed  the  regional  pressure  distribution.  In  the  paper 
the  authors  show  a  fresh  water  hydraulic  head  contour  map 
based  on  1053  drill  stem  tests  conducted  in  the  Athabasca 
oil  sand  area. 

The  department,  (ADOE  and  formerly  AOSTRA)  has 
had  experience  at  a  number  of  in-situ  process  pilots  in  the 
area  which  have  been  reviewed  with  respect  to  original 
reservoir  pressure  and  found  to  agree  with  the  interpretation 
presented  by  Bachu  and  Underschultz.  Data  from  these 
pilots  are  summarized  as  follows: 

Kearl  Lake: 

The  Husky  Kearl  Lake  steam  pilot  obtained  source  water 
from  the  base  of  the  McMurray  oil  sand  approximately  six 
miles  north  of  the  pilot  location.  At  the  source  water  location 
the  McMurray  was  slightiy  lower  in  elevation  and  the  basal 
sand  was  water  laden. 


Shut-in  water  levels  were  measured  on  the  source  wells. 

Test  data  from  well  1-18-96-7  W7M  is  summarized  as  follows: 
Top  of  water  sand  64.95  mKB 

Shut-in  water  level  (March  1, 1981)  8.15  mKB 
Estimated  KB  elevation  339  mASL 

/.  Water  level  (head)  33 1  mASL 

Bachu  and  Underschultz  map  shows  a  hydraulic  head 

contour  of 325  mASL  in  the  approximate  location  of  the  Kearl 

Lake  project  which  is  in  good  agreement  to  data  from  the 

pilot. 

GUSP: 

The  Amoco  GLISP  project  located  in  5-2-86-7  W4M  was 
also  a  steam  flood  pilot.  Some  of  the  pertinent  details  for  this 
location  are: 

KB  elevation  480  mASL 

Deptii  to  Top  of  McMurray  sand    190  mKB  (291m  ASL) 
Depth  to  Base  of  McMurray  sand  230  mKB  (250m  ASL) 
The  final  report  identified  the  original  reservoir  pressure 
as  approximately  1 100  kPa  which  represents  a  hydraulic  head 
of  1 10m  above  the  oil  sand  or  360m  ASL  to  40  Im  ASL 
depending  on  whether  the  top  or  base  of  the  sand  is 
referenced.  Bachu  and  Underschultz  show  a  hydraulic  head 
of  approximately  375m  ASL  in  the  GLISP  area  which  is  in 
good  agreement  with  the  estimate  in  the  pilot  final  report. 

UTF  Project: 

The  original  reservoir  pressure  for  the  UTF  project 
located  in  3-18-93-12  W4M  has  been  estimated  at  550  kPa  or 
a  55m  hydraulic  head  above  the  sand.  Pertinent  details  for 
the  project  are: 

G.L.  elevation  approximately        433  mASL 
Depth  to  Top  of  McMurray  sand    135  mGL  (298  mASL) 
Depth  to  Base  of  McMurray  sand  160  mGL  (273  mASL) 
The  hydraulic  head  of  UTF  to  provide  a  550  kPa  original 
reservoir  pressure  would  be  328m  ASL  to  353m  ASL 
depending  on  whether  the  top  or  base  of  sand  is  referenced. 
Bachu  and  Underschultz  mapping  shows  approximately 
325m  ASL  to  350m  ASL  also  in  good  agreement  with 
estimates  used  in  UTF  evaluations. 

Localized  Pressures 

The  second  reference  which  apphes  to  a  more  locahzed 
potential  mining  area  in  Townships  94-97  and  Ranges  7  to  1 1 
W4M  is  a  study  conducted  by  Sproule  Associates  for  the 
Oil  Sands  Environmental  Study  Group  documented  in  a 
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report  "Regional  Hydrogeological  Study — McMurray  Oil 
Sands  Area,  Alberta  —  Phase  I"  dated  October  1974.  The 
prime  issue  addressed  in  the  study  was  the  impact  of  ground 
water  on  mining  of  the  McMurray  oil  sand.  The  water 
aquifers  primarily  in  the  McMurray  but  one  in  the  Devonian 
(Methy)  were  pump  tested  at  a  number  of  locations  by 
various  operators  and  summarized  in  the  report.  These  pump 
tests  provided  an  estimate  of  water  transmissibihty  and  the 
static  hydraulic  head  at  each  location. 

The  results  of  the  pump  tests  are  summarized  on 
Attachment  1.  A  niunber  of  conclusions  can  be  drawn  from 
this  data: 

1.  Many  in  the  Petroleum  Industry  relate  pressure  to  depth 
of  the  deposit  which  is  generally  satisfactory  for  deeper 
formations.  In  shallow  formations  such  as  at  Athabasca, 
however,  the  pressure  is  related  to  elevation  and  distance 
measured  from  the  Athabasca  River  and  other  oil  sand 
outcrops  and  is  independent  of  overburden.  It  is  noted 
that  the  elevation  of  the  Athabasca  River  in  this  area  is  in 
the  order  of 224m  ASL. 

2.  The  Devonian  and  McMurray  hydraulic  heads  were 
shown  to  be  very  similar  in  tests  at  well  10-25-95-10 
W4M.  This  tends  to  support  a  concern  identified  in  the 
study  and  elsewhere  that  the  Devonian  and  McMurray 
are  in  pressure  communication  through  faults  and  areas 
where  the  Prairie  Evaporite  has  collapsed  as  depicted  in 
Attachment  2.  Salt  water  from  the  Methy  formation  which 
underlies  the  Prairie  Evaporite  may  invade  the  McMurray 
oil  sands  if  pressure  in  the  McMurray  is  reduced  or  fluid 
may  escape  from  the  McMurray  if  pressure  is  increased. 
This  may  be  some  local  phenomena  but  should  be 
considered  when  selecting  the  operating  pressure  for 
recovery  processes  in  the  McMurray  oil  sand. 

3.  The  transmissibilities  measured  (imperial  gallons  per  day 
per  foot  of  hydrauhc  head)  show  considerable  variation 
and  provide  an  indication  of  fluid  conductivity.  As 
bitumen  saturation  and  clay  content  increases  the 
transmissibihty  of  the  aquifers  will  decrease.  Areas  with 
none  or  very  low  transmissibihty  will  behave  as  isolated 
sands  and  pressures  above  the  original  reservoir  pressure 
may  be  possible. 

4.  The  depth  of  the  interval  tested  was  that  of  water  sands 
assumed  in  this  case  to  be  the  base  of  the  oil  sand.  The 
data  presented  on  Attachment  1  indicates  that  the 
hydraulic  head  averages  73  metres  from  what  is  consid- 
ered to  be  the  base  of  the  oil  sand. 

Overburden  vs  SAGD  Operating  Strategy: 

SAGD  steam  chamber  pressure  should  be  as  high  as 
possible  but  limited  by  the  effectiveness  of  the  formations 
overlying  the  McMurray  oil  sand  in  resisting  vertical  fluid 
movement  and  in  having  low  oil  sand  transmissibihty  such 


that  lateral  fluid  movement  does  not  occur.  In  general  for  the 
area  of  concern  the  data  on  Attachment  1  suggests  an 
average  aquifer  pressure  of 728  kPa  or  a  hydraulic  head  of  73 
metres  at  the  base  of  the  McMurray  oil  sand  which  is 
independent  of  overburden  thickness  provided  that  overbur- 
den plus  the  oil  sand  thickness  is  greater  than  73  metres.  For 
a  25-metre  thick  oil  sand,  which  is  probably  average,  this 
would  equate  to  48  metres  of  overburden  It  is  reasoned  that 
for  less  than  73  metres,  the  hydraulic  head  at  the  base  of  the 
oil  sand  would  be  the  thickness  of  the  oil  sand  and  overbur- 
den. 

Based  on  the  foregoing,  the  operating  strategies 
suggested  for  low  overburden  applications  of  SAGD  are  as 
follows: 

Overburden  50  metres  or  less: 

-  Maximum  operating  pressure  at  top  of  the  oil  sand  would 
be  the  fluid  head  represented  by  the  depth  of  overburden. 

-  This  will  minimize  fluid  leak-ofiFbecause  the  hydrauhc 
head  of  the  aquifer  is  never  exceeded.  Core  holes  drilled 
to  evaluate  the  oil  sands  particularly  prevalent  in  overbur- 
dens of  less  than  50  metres  may  have  been  poorly 
abandoned.  The  potential  for  leakage  through  these  holes 
necessitates  a  conservative  operating  pressure  particu- 
larly after  start-up  during  the  SAGD  operating  phase. 

Overburden  greater  than  50  metres: 

-  A  conservative  approach  would  be  to  limit  the  operating 
pressure  at  the  top  of  the  oil  sand  during  the  SAGD 
operating  phase  to  the  aquifer  hydraulic  head  at  the 
depth  of  the  oil  sand  in  question  (e.g.  480  kPa  for  a  25 
metre  thick  oil  sand). 

-  A  middle  of  the  road  approach  would  be  to  hmit  the 
operating  pressure  at  the  top  of  the  oil  sand  during  the 
SAGD  operating  phase  to  the  hydraulic  head  represented 
by  the  thickness  of  overburden.  The  drawback  of  this 
approach  would  be  fluid  (steam)  movement  upward  if  the 
cap  rock  was  not  effective.  If  this  were  to  occur,  the 
operating  pressm-e  would  need  to  be  reduced. 

-  A  more  aggressive  approach  would  be  to  operate  at  close 
to  fracture  pressure  or  at  about  twice  the  fluid  gradient. 
This  would  require  a  high  and  continuous  bitumen 
saturation  in  the  sand  (no  water  stringers)  and  an 
effective  cap  rock.  Note:  UTF  operates  satisfactorily  at 
2400  to  2600  kPa  with  overburden  of  1 35m.  This  repre- 
sents a  gradient  of  19  kPa  per  metre  or  about  twice  the 
fluid  gradient. 


44  Other  Criteria  Affecting  SAGD  Performance  in  the  Athabasca  McMurray  Formation 


Attachment  1 

McMurray  &  Devonian  Aquifers 
Hydraulic  Heads  and  Transmissibilities 


Location 

Zone 

Surface 

f  a>   ■  CI  \ 

|in  ASL; 
(1) 

Test 
Zone 

fan    ■  Ci  t 

(1) 

Static 
Hydraulic 
Head 
(m  ASL) 
(1) 

Aquifer 
Pressure 
(kPa) 

Trans- 
missibility 
(igpd/ft) 
(1) 

Distance 
from 
River 
(km) 

t-Oc"I7*T-5  VVtlVI 

iviuiviuii  ay 

329 

237 

317 

800 

Q  8 

1  n.94-QR.Q  W4M 

OUI  ilwICU 

320 

290 

318 

280 

14  8 

iviwiviui  lay 

296 

207 

287 

800 

7nnn 

7  4 

Devonian 

296 

84 

271 

1870 

NA 

1 0-2-96-7  W4M 

McMurray 

335 

259 

329 

700 

17500 

32 

9-9-96-1 0W4M 

McMurray 

293 

182 

271 

890 

10000 

5 

1-1-96-11  W4M 

McMurray 

289 

183 

240 

570 

1200 

0 

1 0-20-97-7  W4M 

McMurray 

341 

265 

326 

610 

18000 

25.8 

McMurray  averages  (excluding  Devonian) 

314 

222 

295 

728 

(l)Data  interpreted  from  Cross-sections 
Sproule  Study,  October  1974 
MASL  —  metres  above  sea  level 
igpd/ft  —  imperial  gallons  per  day  per  foot 
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Attachment  2  —  Sketch  Showing  Possible  Effects  of  Salt  Solution  on  Groundwater  System  (not  to  scale) 


Source:  J.C.  Sproule  and  Associates  Ltd. 
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Steam  (95%  quaMly)  RaM  SC  IMJECTOfl 

  Ol  Rate  SC  PRODUCER 

Water  Rale  SC  PRODUCER 


Athabasca  McMurray  Effect  of  Overburden  Study 
140m  Overburden 


Simmm  (95%  tftalUl)  Rate  SC  D^ECTOR 
-  •    Ol  Rata  SC  PRODUCER 

WaMRMaSC  PRODUCER 
  WvlBoltoin-holaPrasaum  INJECTOR 


Athabasca  McMurray  Effect  of  Overburden  Study 
100m  Overburden 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  - 100  m  Overburden 


120% 


100%  -- 


80% 


60% 


40% 


20% 


Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  -  50  m  Overburden 
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40%--  / 
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Appendix  2 

Pay  Thickness  Simulation  Data  Set  and  Results, 

Commercial  Plant  Utilization,  Detailed  Plant  Bitumen  Forecast, 

and  Undiscounted  Cost  for  Athabasca  McMurray 
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Appendix  3 

Overlying  Water  Effect  Data  Set  and  Results,  Commercial  Plant  Utilization 

and  Detailed  Plant  Bitumen  Forecasts 

and  Undiscounted  Costs  for  Athabasca  McMurray 
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ATHABASCA  McMURRAY  —  Om  GAS,  Om  WATER  at  1800  kPa 


Simulation  Output  for: 

Well  Pair  No.  1, 
Well  Pair  No.  2, 
and  Well  Pair  No.  3 

are  shown  in  the  report,  "Possible  Effects  of  Gas  Caps  on  SAGD  Performance" 

March  1997. 
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Athabasca  McMurray  —  5m  Water  Sands  at  1800  kPa 
Well  Pair  No.  2  Simulation  Output 
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Athabasca  McMurray  —  Sm  Water  Sands  at  1800  kPa 
Well  Pair  No.  3  Simulation  Output 
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Bitumen  Saturation  @  End  of  Pattern  Life 
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1.00 


Lateral  Distance  (m) 

Athabasca  McMurray  —  Reservoir  Cross-Section  —  5m  Water  Sands  @  550  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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ATHABASCA  McMURRAY  —  5m  GAS  CAP  at  1800  kPa 


Simulation  Output  for: 

Well  Pair  No.  1, 
Well  Pair  No.  2, 
and  Well  Pair  No.  3 

are  shown  in  the  report,  ^Tossible  Effects  of  Gas  Caps  on  SAGD  Performance" 

March  1997. 
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1.00 


Athabasca  McMurray  —  Reservoir  Cross-Section  —  5m  Gas  Cap  @  1800  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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ATHABASCA  McMURRAY  —  5m  GAS  CAP  at  550  kPa 


Simulation  Output  for: 

Well  Pair  No.  1, 
Well  Pair  No.  2, 
and  Well  Pair  No.  3 

are  shown  in  the  report,  ^Tossible  Effects  of  Gas  Caps  on  SAGD  Performance" 

March  1997. 
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Athabasca  McMurray  —  Reservoir  Cross-Section  —  5m  Gas  Cap  @  550  kPa 
Bitumen  Saturation  @End  of  Pattern  Life 
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Steam  ftola  SC  INJ1 
-    OW  Rmie  8C  PRODI 
Water  R«(«SC  PRODI 
Wdl  BoMom-hole  PraMure  INJt 


Athabasca  McMurray  —  5m  Gas  Cap  &  5m  Water  Sands  at  550  kPa 
Well  Pair  No.  1  Simulation  Output 
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Sleam  Rata  SC INJ2 
-    OV  Rate  SC  PROOZ 
•  •    Water  Rale  SC  PROD2 
~    Wei  Sottom-hola  Preasura  1)112 


Athabasca  McMurray  —  5m  Gas  Cap  &  5m  Water  Sands  at  550  kPa 
Well  Pair  No.  2  Simulation  Output 


Slaam  Rata  SC  INJ3 

—  —  -.    Oil  Rale  SC  PRO03 

—  ■    Water  Rale  SC  PROD3 

■— — •   Wen  BoBom-hole  Prasuira  INJ3 


Athabasca  McMurray  —  5m  Gas  Cap  &  5m  Water  Sands  at  550  kPa 
Well  Pair  No.  3  Simulation  Output 
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Athabasca  McMurray  —  5m  Gas  Cap  &  Sm  Water  Sands  at  550  kPa 
Simulation  Output  of  Gas  Cap  Well 
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Lateral  Distance  (m) 


Athabasca  McMurray  —  Reservoir  Cross-Section  —  5m  Gas  Cap  &  5m  Water  Sands  @  550  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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 Oil  f1»lo  SC  PRODI 

 •    Wal«r  Rata  SC  PROD1 

  Well  Bolh»m-hole  Prasiura  INJl 


Athabasca  McMurray  —  10m  Water  Sands  at  1800  kPa 
Well  Pair  No.  1  Simulation  Output 
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 OURalaSCPROCe 

  W«l«-itol«SCPROD2 

—   WoU  BoHoin-hole  ProMure  INJ2 


Athabasca  McMurray  —  10m  Water  Sands  at  1800  kPa 
Well  Pair  No.  2  Simulation  Output 


S(MmRataSC»4J3 

 01  ftato  SC  PRODS 

  Water  Ral*  SC  PR003 

  WeM  Boltotn-hoto  Prea«ute  »U3 


Athabasca  McMurray  —  10m  Water  Sands  at  1800  kPa 
Well  Pair  No.  3  Simulation  Output 
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,0        10.        11.        12.        13.         14.  15. 


Watar  Ral*  SC 

Wd  Bottom-hot*  Prtssur* 


Athabasca  McMurray  —  10m  Water  Sands  at  1800  kPa 
Simulation  Output  from  Pressure  Sink  Well 
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0.0         1.0        2.0        3.0  4.0 


StoaniRaUSCINJI 

 Oi  Rat*  SC  PRODI 

  WalarRal«SCPRO01 

  WaHBo»ow-holePre»aumlNJ1 

Athabasca  McMurray  —  10m  Water  Sands  at  550  kPa 
Well  Pair  No.  1  Simulation  Output 
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—  —  -    OB  RalaSC  PRO02 

Wala/ Rale  SC  PR0D2 
 Wei  BoMom-hole  Pfeamm  IMJ2 


Athabasca  McMurray  —  10m  Water  Sands  at  550  kPa 
Well  Pair  No.  2  Simulation  Output 
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S(aamRalaSC»il3 

 0«  Rata  SC  PR003 

—  •    Water  Rate  SCPHOOa 
  Wo*  BoKom-hoto  Prosauro  IMJ3 


Athabasca  McMurray  —  10m  Water  Sands  at  550  kPa 
Well  Pair  No.  3  Simulation  Output 


Athabasca  McMurray  —  10m  Water  Sands  at  550  kPa 
Simulation  Output  from  Pressure  Sink  Well 
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Lateral  Distance  (m) 

Athabasca  McMurray  —  Reservoir  Cross-Section  —  10m  Water  Sands  @  550  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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ATHABASCA  McMURRAY  —  10m  GAS  CAP  at  1800  kPa 


Simulation  Output  for: 

Well  Pair  No.  1, 
Well  Pair  No.  2, 
and  Well  Pair  No.  3 

are  shown  in  the  report,  "Possible  Effects  of  Gas  Caps  on  SAGD  Performance" 

March  1997. 
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Athabasca  McMurray  —  10m  Non-depleted  Gas  Cap 
Simulation  Output  of  Gas  Cap  Well 
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Lateral  Distance  (m) 


Athabasca  McMurray  —  Reservoir  Cross-Section  —  10m  Gas  Cap  @  1800  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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ATHABASCA  McMURRAY  —  10m  GAS  CAP  at  550  kPa 


Simulation  Output  for: 

Well  Pair  No.  1, 
Well  Pair  No.  2, 
and  Well  Pair  No.  3 

are  shown  in  the  report,  ^Tossible  Effects  of  Gas  Caps  on  SAGD  Performance" 

March  1997. 
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Athabasca  McMurray  —  10m  Depleted  Gas  Cap 
Simulation  Output  of  Gas  Cap  Well 
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Athabasca  McMurray  —  Reservoir  Cross-Section  —  10m  Gas  Cap  @  550  kPa 
Bitumen  Saturation  @  End  of  Pattern  Life 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  -5m  Water  Sands  at  550  kPa 


Plant  Utilization  of  Bitmnen  and  Steam  Capacity 
Athabasca  McMurray  -5m  Gas  Cap  &  5  m  Water  Sands  at  1800  kPa 


120.00% 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  -  5  m  Gas  Cap  &  5  m  Water  Sands  at  550  kPa 


Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  - 10  m  Water  Sands  at  1800  kPa 


120% 


Plant  Efficiency 
Steam  Efficiency 
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Plant  Utilization  of  Bitumen  and  Steam  Capacity 
Athabasca  McMurray  - 10  m  Water  Sands  at  550  kPa 


120% 
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Appendix  4 


Alberta  Oil  Sands  Technology  and  Research  Authority 

Extending  the  SAGD  Process  to  Other  Reservoir  Types  —  Sensitivity  Study 

by 

G.  Yang,  B.I.  Nzekwu  and  W.K.  Good 
Engineering  and  Technology  Development 
Calgary,  Alberta,  Canda— October  1992 


Executive  Summary 

A  good  quality  oil  sands  formation,  typical  of  the 
Athabasca  oil  sands,  was  chosen  as  the  base  case  for  this 
SAGD  sensitivity  study.  The  relative  effects  of  major 
parameters  were  investigated  by  varying  its  value  individu- 
ally. These  included:  inter-well  spacing,  formation  thickness, 
permeabilities,  water  saturation,  connate  water  saturation, 
formation  wettabilities  and  oil  viscosities.  Some  heterogene- 
ities, such  as,  tight  streak,  bottom  water  layer  and  layered 
formations  were  also  incorporated  into  the  study. 

It  was  found  that  the  process  predictability  was  quite 
dependable  on  formation  absolute  permeabilities.  For  the 
base  case,  where  higher  permeabilities  were  used,  increased 
inter-well  spacing  between  producer  and  injector  did  not 
effect  the  process  much,  although  the  start-up  was  delayed 
as  anticipated.  The  oil  rate  was  also  in  proportion  to  its 
formation  thickness.  However,  for  a  lower  permeability  case, 
larger  inter-well  spacing  showed  a  much  better  oil  rate  than 
that  of  the  smaller  inter-well  spacing,  while  the  increased 
formation  thickness  hardly  affected  the  oil  rates.  Realizing 
the  different  performances  of  high  and  low  permeability 
formations,  more  emphasis  was  given  to  low  quality  reser- 
voirs in  these  studies.  It  was  found  that  a  SAGD  process  in  a 
low  permeability  formation  could  be  enhanced  by  injecting  at 
a  higher  location  and  at  a  higher  pressure.  Performance  was 
even  better,  if  the  formation  was  strongly  oil-wet. 


Preliminary  investigations  on  wettability  indicated  that 
oil-wet  formations  are  more  favorable  candidates  for  SAGD 
processes.  This  is  different  from  most  conventional  driving 
processes,  such  as  a  water  flood,  etc. 

The  presence  of  a  non  permeable  tight  streak  did  not 
affect  the  process  much,  neither  did  a  bottom  water  layer. 
With  layered  formations,  the  well  performance  depends  on 
the  permeability  of  the  different  layers  and  the  location  of 
the  wells.  A  better  performance  is  observed  when  the  higher 
permeability  is  below  the  lower  permeability  layer  and  both 
wells  are  located  in  the  higher  permeability  layer.  Effects  of 
oil  viscosities  were  not  found  to  be  significant.  Both  lighter 
heavy  oil  and  more  viscous  oil  sands  tended  to  have  similar 
behavior  at  steam  temperatures. 
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Objectives 

The  main  objective  of  this  study  was  to  evaluate  the 
sensitivity  of  the  SAGD  process  to  changes  in  major 
reservoir  parameters  using  typical  Athabasca  reservoir  as  a 
base  case.  This  will  allow  better  understanding  of  how  other 
reservoir  types  might  perform  relative  to  the  UTF  reservoir. 

Introduction 

The  UTF  Phase  A  has  successfidly  demonstrated  the 
effectiveness  of  the  SAGD  process  for  bitumen  recovery. 
Current  predictions  for  the  longer  well  Phase  B  operations 
include  an  expected  recoveiy  of  more  than  65%,  with  a 
cumulative  daily  oil  rate  of  over  100  cubic  meters  per  well 
pair.  These  results  have  inspired  growing  interest  from  oil 
industries  throughout  the  world.  Along  with  this,  there  are 
many  questions  regarding  the  process  feasibility  in  other 
reservoir  types. 

In  order  to  answer  these  questions,  especially  those 
from  potential  users  of  the  process,  a  sensitivity  study  was 
undertaken  to  cover  a  wide  range  of  the  reservoir  param- 
eters. However,  the  study  neglected  two  very  important 
factors:  optimization  and  economics.  It  focused  only  on 
sensitivities.  The  Phase  1  study  included  reservoir  types 
ranging  from  as  good  as  the  40  meter  thick  Athabasca  prime 
pay  to  some  low-quality  reservoirs,  such  formations  with  low 
permeability  and  high  water  saturation.  The  effects  of 
bottom  water  and  heterogeneity  were  also  investigated. 

The  study  started  with  typical  UTF  reservoir  parameters 
then  went  on  to  explore  other  possibilities.  The  base  case 
used  the  following  major  parameters: 


Base  Case 

Horizontal  Permeability: 

lODarcy 

Vertical  Permeabihty: 

5Darcy 

Porosity: 

35% 

Oil  Saturation: 

85% 

Formation  thickness: 

20m 

Inter-weU  spacing: 

5m 

Spacing  between  well  pairs: 

70m 

Operation  pressure: 

2700  kPa 

The  base  case  reservoir  was  considered  to  be  high 
permeabihty,  while  low  permeability  cases  used  a  horizontal 
permeabihty  of  1  Darcy  and  a  vertical  permeability  of  0. 5 
Darcy.  High-pressure  studies  employed  7000  kPa  as  the 
injection  pressure.  All  studies  used  UTF  steam  trap  control 
as  a  standard  production  well  control  technique. 

The  simulator  used  was  CMC's  STARS,  and  all  graphs 
were  generated  using  AGS  (AOSTRA  Graphics  System).  A 
two-dimensional  cross  section  through  the  well  pair  was 
chosen  at  this  stage  with  a  few  major  assumptions:  the  well 
pair  was  in  the  middle  of  a  bank  of  horizontal  well  pairs;  the 


reservoirs  were  homogeneous  along  the  entire  length  of  the 
horizontal  section.  Most  of  the  numbers  reported  were 
converted  from  a  "per  meter  injection  or  production  well"  to 
a  "per  500  meter  well  pair"  basis  to  facilitate  direct  compari- 
sons with  the  UTF  Phase  B  well  pairs. 

Results  and  Discussion 

1)  Sensitivities  of  Grid  Sizes 

Experiences  on  simulation  of  gravity  drainage  problems 
have  indicated  that  very  small  grid  block  sizes  are  required. 
Figure  1 . 1  to  Figure  1 .6  showed  that  using  two  metres  by  two 
metres  grid  block  sizes  underestimated  oil  and  water 
production,  as  well  as  steam  injection.  It  also  created  too 
much  fluctuations  on  all  reported  rates.  The  smallest  grid 
block  size  possible  at  this  stage  was  1/2  metre  by  1/2  metre 
and  it  did  produce  the  best  results  available.  But  in  order  to 
use  this  fine  grid,  one  had  to  limit  the  maximum  formation 
thickness  to  20  metres,  and  the  maximum  spacing  between 
well  pairs  to  60  metres.  This  was  not  enough  for  our  study 
purpose,  where  a  thickness  of  40  metres  and  a  spacing  of  70 
metres  had  to  be  accommodated  Using  one  metre  by  one 
metre  grid  block  size  slightly  underestimated  the  rates,  but 
its  cumulative  2-year  was  very  close  to  those  of  the  1/2  metre 
by  1/2  metre  case. 

It  was  decided  that  one  metre  by  one  metre  grid  block 
size  be  used  as  a  standard  to  complete  our  study,  but  the 
results  should  be  interpreted  with  caution.  For  example,  it 
was  noticed  from  Figure  1 . 1 ,  the  peak  oil  rates  of  the  one 
metre  by  one  metre  case  lasted  much  longer  than  those  of 
the  1/2  metre  by  1/2  metre  case.  This  should  be  corrected, 
although  the  magnitude  of  the  peak  rate  could  be  expected 
to  be  reasonable.  Further  discussions  on  peak  rate  will  be 
seen  in  Section  11.  The  fluctuations  of  rates,  especially  the 
steam  injection  rates  were  purely  reflections  of  grid  block 
sizes.  As  the  grid  block  size  went  smaller,  the  fluctuations 
decreased.  And  eventually,  they  should  disappear  when  the 
grid  block  size  used  was  small  enough. 

It  should  be  realized  that  this  report  was  intended  to 
emphasize  the  trend  in  relative  terms.  Most  of  the  reported 
rates  should  be  treated  as  rough  estimates  rather  than  true 
representations. 
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Oil  Production  Rate  Comparisons 


Steam  Injection  Rate  Comparisons 
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Hgure  1.2  —  Grid  Block  Size  Sensitivity  —  Effects  on  Steam  Rates 
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Water  Production  Rate  Comparisons 
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Figure  1.3  ■ —  Grid  Block  Size  Sensitivity  —  Effects  on  Water  Rates 
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Cum.  Oil  Production  Comparisons 


Figure  1.4  —  Grid  Block  Size  Sensitivity  —  Cum.  Oil 
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Cum.  Steam  Injection  Comparisons 
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Figure  1.5  —  Grid  Block  Size  Sensitivity  —  Cum.  Steam 
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Figure  1.6  —  Grid  Block  Size  Sensitivity  —  Cum  Water 
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2)  Effects  of  formation  thickness 

Compared  to  base  case,  increasing  the  formation 
thickness  from  20  m  to  40  m  almost  doubled  oil  production 
(see  Figure  2. 1),  while  the  cumulative  SOR  was  also  slightly 
reduced  due  to  less  heat  loss  to  overburden.  Oil  rate  peaked 
at  around  400  days  for  the  40  m  thick  formation  whereas  it 
peaked  at  200  days  for  the  20  m  thick  formation.  For  both 
cases  peak  oil  rates  all  occurred  at  points  where  the  steam 
chambers  reached  the  ceiling  of  the  formations.  The  upward 
growth  rates  of  the  steam  chambers  for  both  cases  were  very 
much  the  same,  and  so  were  the  lateral  spreading  rates  (see 
Figure  2.3  and  Figure  2.4).  For  high  permeabihty  reservoirs 
the  oil  productions  seemed  to  be  in  proportion  to  their 
formation  thickness. 


(High  Permeability 
5  m  inter-well  spacing 
2700 kPa) 

Year 

CDOR 
(mVd/ 
well-pair) 

CSOR  Recovery 
(mW)  % 

Base  Case  (20  m  thick) 

2.5 

165.42 

2.25  72% 

40  m  thick  formation 

2.5 

338.60 

1.79  73% 

However,  the  conclusions  reached  above  did  not  apply 
to  a  lower  permeabihty  formation  where  the  penneabiUties 
were  reduced  to  10  percent  of  the  base  case  values. 


(Low  Permeability 
5  m  inter-well  spacing 
2700 kPa) 

Year 

CDCR 
(mVd/ 
well-pair) 

CSCR 

Recovery 
% 

20  m  thick  formation 

4.0 

40.34 

3.06 

28% 

40  m  thick  formation 

4.0 

38.76 

3.05 

14% 

10.0 

46.35 

3.13 

40% 

Using  these  lower  permeabihties,  Kh  =  1 D,  Kv  =  0.5  D, 
the  oil  production  rates  from  a  40  m  thick  formation  were 
hardly  more  than  those  of  a  20  m  thick  formation  (see  Figure 
2.2).  The  rates  only  lasted  longer  for  the  40  m  thick  formation 
simply  because  it  contained  more  reserves. 

In  theory,  if  gravity  is  the  only  driving  force,  higher 
drainage  height  should  mean  more  drainage  rates.  The  exact 
reason  for  the  contradictory  results  from  the  low  permeabil- 
ity runs  was  not  very  clear  at  this  stage.  However,  in 
observation  of  the  steam  chamber  profiles  (see  Figure  2.5), 
the  lateral  advancement  of  the  steam  chamber  was  severely 
limited  in  the  low  permeability  reservoir  for  the  entire 
simulation  time  of  10  years.  Counter-current  flow  of  the 
steam  and  oil  was  suspected  to  be  more  severe  for  low 
permeability  reservoirs.  Due  to  the  very  low  effective 
permeabilities,  gravity  force  alone  seemed  insufficient  for  the 
liquid  to  drain  effectively  to  the  producer.  Methods  of 
enhancing  the  process  in  the  low  permeability  formations 
will  be  discussion  in  later  sections. 
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Figure  2.2  —  Effects  of  Formation  Thickness  —  Low  Permeability 
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Figure  2.3 — Base  Case  Steam  Chambers 
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Steam  Chamber  Development 
(Kv=5D,  Kh=10D;  40m  thickformation) 
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Figure  2.4  —  Thick  Formation  Steam  Chambers 
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Figure  2.5  —  Thick  Formation  —  Low  Permeability 
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3)  Effects  of  injector/producer  inter-well  spacing 

A  5-meter  inter-well  spacing  between  the  injector  and 
the  producer  was  used  as  a  standard  for  most  of  the  runs 
performed.  Compared  to  base  case  (5 -meter  inter-well 
spacing),  an  increased  (10  m)  inter-well  spacing  delayed  the 
breakthrough  between  the  injector  and  the  producer  from 
about  50  days  to  almost  200  days  (see  Figure  3. 1).  No  other 
significant  differences  were  observed  except  for  the  delayed 
start-up  for  the  increased  inter-well  spacing  case. 


(High  Permeability 
20  m  thick  formation 
2700 kPa) 

Year 

CDCR 
(mVd/ 
well-pair) 

CSCR 
(mVm') 

Recovery 

% 

5  m  spacing 

2.5 

165.42 

2.25 

72% 

10  m  spacing 

2.5 

152.70 

2.08 

67% 

3.0 

139.13 

2.23 

73% 

The  rates  in  terms  of  steam  injection,  water  production, 
and  oil  production  were  all  very  similar  for  both  cases 
immediately  after  the  start-ups.  The  delayed  oil  production 
of  the  larger  inter-well  spacing  case  was  compensated  by  its 
extended  production  beyond  the  production  decline  point  of 
the  base  case  (5-meter  spacing  case).  Based  on  this  result 


and  those  from  Section  2,  regarding  formation  thickness,  it 
could  be  concluded  that  for  a  high  permeability  formation 
the  oil  rates  were  mainly  functions  of  the  gravity  drainage 
height  (formation  height).  The  inter-well  spacing,  or  the 
injection  location  in  the  reservoir,  only  affected  the  start-up 
time.  No  advantages  were  achieved  by  injecting  higher  in 
this  higher  permeability  formation. 

As  was  mentioned  previously  in  Section  2,  thicker 
formation  did  not  achieve  more  oil  rates  for  low  permeabihty 
cases.  However,  oil  rates  in  a  low  permeabihty  formation 
benefited  by  an  increased  inter-well  spacing  (see  Figure  3.2). 

(Low  permeabihty  Year  CDOR  CSOR.  Recovery 
40  m  thick  formation  (mVd/     (w^/w^)  % 

2700  kPa)  weU-pair) 

5  m  spacing  10.0       46.35       3.13  40% 

10  m  spacing  10.0       62.19       2.50  54% 

On  a  10-year  basis  the  10  m  spacing  case  produced 
much  more  oil  than  the  5  m  spacing  case  did,  with  average 
rates  of  62  mVd  and  46  mVd  respectively,  although  it  took 
more  than  a  year  to  start  up  the  larger  spacing  case.  The 
steam  chambers  of  the  larger  spacing  case  showed  signifi- 
cant lateral  advancements;  compare  Figure  3.3  to  Figure  2.5. 
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Steam  Chamber  Development 
(Kv=0.5D,  Kh=lD;  40m  thickformation) 
(2700  kPa,  10m  inter-well  spacing) 


10  20  30 
Distance  (m) 


40 
_  30 

10 
0 


at  4  years 


10  20  30 
Distance  (m) 


10  20  30 
Distance  (m) 


0        10      20  30 
Distance  (m) 
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4)  Effects  of  absolute  permeabilities 

a)  Efifects  of  vertical  permeability  (horizontal  permeabil- 
ity remains  the  same  at  10  Daicy) 

By  lowering  the  vertical  permeabihty  from  5  Darcy  of  the 
base  case  to  0.5  Darcy  while  keeping  the  horizontal  perme- 
ability unchanged  as  of  10  Darcy,  the  Q)OR  at  2.5  years 
dropped  from  165  mVd  of  the  base  case  to  56  mVd;  the  CSOR 
increased  from  2.25  to  2.63,  as  was  shown  in  the  following 
table: 


(Kh=  10  Darcy 

Year 

CDcm 

CSOR 

Recovery 

20  m  thick  formation 

(mVd/ 

(mW) 

% 

2700  kPa) 

well-pair) 

Kv=5Darcy 

2.5 

165.42 

2.25 

72% 

Kv= 0.5  Darcy 

2.5 

56.00 

2.63 

24% 

4.0 

60.80 

2.74 

42% 

The  oil  rate  comparisons  were  in  Figure  4. 1 .  It  seemed 
quite  obvious  that  vertical  permeabilities  mainly  controlled 
the  oil  production  rates,  but  its  effects  on  CSOR  were 
relatively  small.  Compared  to  base  case  steam  chambers  in 
Figure  2.3,  the  lower  vertical  permeabihty  restricted  both  the 
vertical  and  horizontal  growth  rate  of  the  chamber  (see 
Figure  4.4),  although  the  horizontal  permeability  was  the 
same  as  that  of  base  case. 

b)  Effects  of  horizontal  permeability  (vertical  permeabil- 
ity remains  the  same  at  0. 5  Darcy) 

Following  the  discussions  on  vertical  permeability 
effects,  the  effects  of  horizontal  permeabilities  were  also 
investigated.  The  horizontal  permeability  of  case  a)  was 
lowered  from  10  Darcy  to  1  Darcy.  The  cumulative  results  are 
shown  in  the  following  table  while  the  oil  rates  are  in  Figure 
4.2.  The  horizontal  chamber  growth  was  slightly  slower  (see 
Figure  4.5)  while  the  vertical  growth  was  not  different  from 
that  of  case  a),  as  shown  in  Figure  4.4. 


(Kv=0.5  Darcy 
20  m  thick  formation 
2700 kPa) 

Year 

CDCR 
(mVd/ 
well-pair) 

CSOR 

Recovery 
% 

Kh=  10  Darcy 

4.0 

60.80 

2.74 

42% 

Kh=  1  Darcy 

4.0 

40.34 

3.06 

28% 

The  effects  of  horizontal  permeabilities  were  not  as 
drastic  as  those  of  vertical  permeabilities. 

c)  Effects  of  horizontal  and  vertical  permeabilities 
From  base  case,  reducing  both  the  horizontal  and 
vertical  permeabilities  -  Kh  from  10  Darcy  to  1  Darcy,  Kv 
from  5  Darcy  to  0.5  Darcy  -  resulted  in  significant  reduction 
in  oil  rates  (see  Figure  4.3)  and  also  in  steam  chamber  growth 
rate  (compare  Figure  2.3  and  Figure  4.5)  and  some  increase  in 
steam  to  oil  ratio. 


(20  m  thick  formation 
2700  kPa 

lear 

(mVd/ 
well-pair) 

(m^/m^) 

Recovery 
% 

Kh=  10D,Kv  =  5D 

2.5 

165.42 

2.25 

72% 

Kh=lD,Kv  =  0.5D 

2.5 

35.75 

3.00 

15% 

4.0 

40.34 

3.06 

28% 

In  conclusion,  vertical  permeability  affected  oil  rate  more 
than  that  of  horizontal  permeability.  Permeability  effects  on 
steam  to  oil  ratio  were  relatively  small. 
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Figure  4.1  —  Effects  of  Vertical  Permeability  —  Oil  Rate 
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Figure  4.3  —  Effects  of  Horizontal  and  Vertical  Permeabilities 
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Figure  4.4  —  Effects  of  Kv  on  Steam  Chambers 
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Figure  4.4 — Effects  of  Kh  on  Steam  Chambers 
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5)  Effects  of  lower  oil  saturation  (higher  water 
saturation) 

A  lower  oil  saturation  of  60%  was  used  to  study  the 
effects  of  the  higher  water  content  in  the  formation.  When 
the  water  saturation  was  high,  the  effects  of  connate  water 
saturation  (Swr)  were  also  significant.  The  amount  of  mobile 
water,  Sw-Swr,  affected  both  the  water  production  rate  (see 
Figure  5.2)  and  the  initial  breakthrough  time.  If  no  mobile 
water  was  present  in  the  formation  -  i.e.,  Sw-Swr  =  0,  such  as 
the  base  case  and  the  Sw  =  Swr  =  40%  case  -  the  water 
production  rates  (Figure  5  .2)  followed  very  closely  the  steam 
injection  rates  (Figure  5.3).  The  higher  water  saturation  with 
no  mobile  water  case  consumed  almost  the  same  amount  of 
steam  as  the  base  case  did  but  produced  more  water.  By 
producing  the  similar  amount  of  total  fluids,  the  volumetri- 
cally  less  oil  content  in  the  formation  resulted  in  less  oil 
production  rates,  therefore  higher  SOR. 


(High  permeabihty 

Year 

CDC«l 

CSOR 

Recovery 

20  m  thick  formation 

(mVd/ 

(m^Arf) 

% 

1  /iHJ  Kra,  J  m  ^)acing) 

well-pair) 

Sw=  15% 

2.5 

165.42 

2.25 

72% 

Sw  =  40% 

1.5 

154.00 

2.97 

57% 

2.5 

120.80 

3.34 

74% 

Some  formation  might  contain  mobile  water,  where  its 
initial  formation  water  saturation  was  higher  than  its  connate 
water  saturation,  Swr.  This  mobile  water  played  an  important 
role  in  early  start-up  phase.  For  cases  with  Sw  =  40%, 
allowing  25%©  initial  mobile  water  (Swr  =  1 5%)  present  in  the 
formation  resulted  in  almost  immediate  breakthrough 
between  the  injector  and  the  producer  (see  Figure  5.1).  And 
the  subsequent  high  water  production  rates  also  required 
excessive  steam  injection  (see  Figures  5.2  and  5.3).  Unfortu- 
nately, this  excessive  steam  injection  did  not  bring  up  any 
more  oil  production  (see  Figure  5.1). 
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Figure  5.1  —  Effects  of  Water  Saturations  on  Oil  Rates 
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Figure  5.2  —  Effects  of  Water  Saturations  on  Water  Rates 
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6)  Effects  of  wettability 

The  wettability  is  reflected  on  the  relative  permeability 
at  residual  oil  saturation:  as  Krw  at  residual  oil  decreases,  the 
formation  becomes  more  water  wet  in  general.  Based  on  this, 
Krw  at  residual  oil  saturation  was  varied  to  test  the  effects  of 
relative  permeability  to  water  (i.e.,  wettabihty)  on  SAGD 
process.  All  the  cases  used  the  same  hquid  (oil)-gas  relative 
permeabihty  curves  as  in  Figure  6.1,  with  only  the  relative 
permeability  to  water,  Krw,  varied  to  represent  oil-wet  and 
water-wet  cases  (see  Figure  6.2).  The  base  case  Krw  was 
somewhere  in  the  middle.  The  results  shown  in  the  following 
table  and  also  in  Figure  6.3  to  Figure  6.5  indicated  that  oil- 
wet  formations  performed  better  than  water-wet. 

All  the  relative  permeabihty  to  water  values,  Krw, 
reference  a  residual  oil  saturation  of  So  =  20%: 

(High  permeabihty  Year  CDOR  CSCR  Recovery 
20  m  thick  formation  (mVd/    (mW)  % 


2700kPa,5mq)acing) 

well-pair) 

oil-wet  (Krw =0.95) 

2.0 

233.28 

1.92 

81% 

base  case  (Krw  =  0.45) 

2.5 

165.42 

2.25 

72% 

water-wet  (Krw = 0.04) 

2.5 

136.93 

2.27 

60% 

If  water  was  used  as  a  main  driving  force,  such  as  in 
water  flood,  strong  water  wet  (low  Krw)  formation  normally 
would  benefit  oil  rates.  However,  the  above  test  results  show 
the  opposite  trend  for  SAGD.  Less  water-wet  (more  oil-wet) 
indicated  better  oil  rate  with  even  improved  steam  to  oil  ratio. 

The  SAGD  oil  rate  was  very  closely  related  to  its  steam 
chamber  growth  rate.  The  low  Krw,  i.e.,  water-wet,  seemed  to 
restrict  this  growth. 


Steam 

y        Water  Film 

Oil 

Oil  Wet  Formation 


Ahead  of  the  steam  chamber  there  always  existed  a  thin 
steam  condensate  layer,  or  water  film.  This  water  film  tended 
to  go  thicker  as  the  wettability  to  water  became  stronger. 
Strong  water-wet  could  be  numerically  translated  as  high 
residual  water  saturation  and  low  effective  permeability  to 
water.  Both  these  effects  slowed  down  the  drainage  or 
removal  of  this  water  film  and,  as  a  result,  restricted  the 
conductive  heating  and  steam  interface  advancing  rate, 
which  is  proportional  to  the  oil  drainage  rate. 

Figures  6.6, 6.7,  and  6.8  show  the  water  saturation 
profiles  of  the  oil-wet  case,  base  case,  and  water-wet  case 
respectively.  No  higher  water  saturation  was  observed  in  the 
oil-wet  case  (see  Figure  6.6)  while  a  water  film  of  40%  water 
stayed  ahead  of  the  steam  chamber  in  the  water-wet  case 
throughout  the  entire  drainage  phase  (see  Figure  6.8). 

For  conventional  driving  processes,  water  flood  for 
instance,  major  oil  recovery  was  normally  achieved  before 
breakthrough  of  the  driving  fluid  to  the  producer  As  a 
matter  of  fact,  breaking  through  should  be  delayed  for  as 
long  as  possible,  which  also  meant  that  a  water-wet  forma- 
tion (low  permeability  to  water)  would  achieve  better  oil 
recovery.  For  a  SAGD  process,  however,  established 
breakthrough  only  acts  as  a  starting  point  for  gravity 
drainage.  Therefore,  oil-wet  formations  (high  permeabihty  to 
water)  would  be  more  favourable  candidates  for  SAGD 
processes.  Higher  permeability  to  water  allows  earlier 
breakthrough  as  well  as  faster  steam  chamber  growth.  The 
sooner  the  breakthrough,  the  earlier  the  drainage  will  start. 
The  faster  the  steam  chamber  growth  is,  the  better  the  oil 
rate  will  be. 


Water  Wet  Formation 
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Figure  6.1  —  Relative  Permeability  Curves  —  Liquid-Gas 
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Figure  6.2  —  Relative  Permeability  Curves  —  Water-Oil 
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Oil  Production  Rate  Comparisons 
(water-wet  to  oil-wet) 
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Figure  6.3  —  Effects  of  Wettability  on  Oil  Rates 


Oil  Production  Rate  Comparisons 
(water-wet  to  oil-wet) 


1.8 


1.6 


1.4 


1.2 


0.8 


0.6 


0.4 


0.2 


Hi 


▲ 


▲ 


O    Krw=0.45  (base  case) 


Krw=0.95  (oil'WCt) 


A^^  ^1 


^A 


A  A 


A  ,  A  O  0°'D 

^      A  A  A  ^  ^ 


o 


oL.A.  ■  .  I  ■ 


1000 
900 

800  = 


700 


600 


S 
o 
o 

500  ^ 

a 

^ — ^ 

400  ^ 


300 


200 


03 
O 

u 


100  ^ 
0 


0         100       200        300        400        500        600        700        800  900 

Days 


Figure  6.4  —  Effects  of  Wettability  on  Water  Rates 
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Figure  6.5  —  Effects  of  Wettability  on  Steam  Rates 
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Figure  6.6  —  Oil-wet  Case  —  Water  Saturations 
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Water  Saturation  Profiles 
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Figure  6.7  —  Base  Case  —  Water  Saturations 
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Figure  6,7—  Water-wet  Case  —  Water  Saturations 
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7)  Effects  of  tight  streaks 

a)  one  tight  streak 


Injector  • 

Producer  •  _^ 

A 10  meter  long  by  1  meter  thick  tight  streak,  with  zero 
porosity  and  zero  permeability,  right  above  the  well  pair  did 
not  affect  the  cmnulative  performance.  Its  effects  on 
instantaneous  rates  were  also  very  predictable  (see  Figure 
7. 1).  Within  the  first  200  days,  the  steam  chamber  was  below 
the  streak;  therefore,  the  stable  oil  rate  was  almost  half  of 
that  of  the  no  streak  case,  as  if  the  formation  was  only  10  m 
thick  instead  of  20  m  thick,  and  the  streak  was  acting  as  the 
formation  top.  When  the  steam  chamber  passed  around  the 
streak  and  reached  the  second  stable  oil  rate,  the  effects  of 
the  streak  were  no  longer  observable.  This  second  stable  oil 
rate  was  the  same  as  the  stable  rate  reached  by  the  base 
case.  The  peak  oil  rate  was  slightly  higher  than  that  of  the  no 
streak  case  (base  case).  This  was  because  the  heat  trans- 
ferred through  the  streak  during  the  first  200  days  fiirther 
mobilized  the  bitumen  above  the  streak,  and  this  mobilized 
bitumen  was  added  to  the  peak  rate  as  soon  as  the  flow  path 
to  the  producer  was  created.  The  steam  chamber  profiles  are 
in  Figure  7.4. 


(Highpermeabihiy 

Year 

CDOtL 

CSCR 

Recovery 

20  m  thick  formation 

(mVd/ 

(mW) 

% 

2700  kPa,  5  m  spacing) 

well-^Mir) 

base  case  (no  streaks) 

2.5 

165.42 

2.25 

72% 

one  streak  case 

2.5 

162.84 

2.25 

71% 

b)  two  tight  streaks 


Injector  • 

Producer  • 

I  • —  -I 

The  first  delay  in  oil  rate  (see  Figure  7.2)  was  the  same 
as  that  of  case  a).  It  was  caused  by  the  first  streak  right 
above  the  two  wells.  The  second  streak  also  delayed  the  oil 
rate  but  was  very  brief  compared  to  the  first  delay.  This  was 
due  to  the  fact  that  steam  could  go  around  the  second  streak 
on  both  sides  and  also  that  the  second  streak  was  farther 


away  from  the  well  pair.  The  rate  then  cUmbed  to  a  peak 
which  was  higher  than  that  of  case  a).  The  steam  injections 
for  both  case  a)  and  case  b)  were  affected  similarly  as  the  oil 
rates  were  affected  (see  Figure  7.3).  The  cumulative  steam 
injection  and  oil  production  were  affected  very  little  by  these 
two  streaks.  The  steam  chamber  profiles  of  this  two-streak 
case  are  in  Figure  7.5. 


(High  permeability 
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CSOR. 

Recovery 

20  m  thick  formation 

(mVd/ 

(m^yirf) 

% 

2700  kPa,  5  m  spacing) 

well-pair) 

base  case  (no  streaks) 

2.5 

165.42 

2.25 

72% 

two-streak  case 

2.5 

161.75 

2.28 

70% 

It  seemed  that  although  some  tight  streaks  could  affect 
the  instantaneous  rates,  their  impacts  on  cumulative 
performance  were  uidikely  to  be  significant  A  delay  in  the 
peak  rate  is  sigruficant  even  if  the  cumulatives  are  the  same. 
In  a  commercial  project  designed  to  produce  a  certain  total 
volume  a  day,  the  shift  in  peak  rate  means  the  project  will  not 
reach  the  full  potential  over  that  period.  The  streaks  far  away 
from  the  well  pair  would  have  less  impact. 
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Oil  Production  Rate  Comparisons 
(one  tight  streak) 


400  500 
Days 


900 


Figure  7.1—  Effects  of  a  Tight  Streak  on  Oil  Rates 


Oil  Production  Rate  Comparisons 
(two  tight  streaks) 
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mgure  7.2  —  Effects  of  Two  Tight  Streaks  on  Oil  Rates 
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Steam  Injection  Rate  Comparisons 
(one  &  two  tight  streaks) 
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Figure  7.3  —  Effects  of  Tight  Streaks  on  Steam  Rates 
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Figure  7.4  —  One  Tight  Streak  Case  Steam  Chambers 
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Steam  Chamber  Development 
(two  streak  case:  Kv=SD,  Kh=10D;  20m  thick formation) 
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Figure  7.5  —  Two  Tight  Streak  Case  —  Steam  Chambers 
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8)  Effects  of  bottom  water  layer 

A 10  meter  bottom  water  layer  (Sw  =  100%)  was  added 
below  the  base  case  formation  to  investigate  its  effects. 


Injector 
Producer 
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*N      ^  ^ 
^      ^      ^  *N 
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^^^^^^^^^^^ 

As  the  steam  chamber  grew,  some  mobilized  bitumen 
went  below  the  producer  and  was  forced  into  the  bottom 
layer  (see  Figure  8.2).  This  caused  a  slight  decline  in  oil  rates 
(see  Figure  8. 1).  This  decline  in  oil  rate  was  replaced  by  a 
corresponding  slight  increase  in  water  production  from  the 
bottom  water  layer.  The  steam  consumption  was  similar  to 
that  of  base  case  (with  no  bottom  water). 


(High  permeabiUty 

Year 

CDCR 

Recovery 

20  m  thick  formation 

(mVd/ 
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% 

2700  kPa,  5  m  spacing) 
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base  case 

2.5 
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2.25 

72% 

10  m  bottom  water 

2.5 

141.37 

2.76 

62% 

Under  a  more  practical  situation  the  bottom  water  layer 
would  likely  be  water-wet  and  also  with  less  than  100%  water 
saturation.  This  would  result  in  much  less  mobility  to  water 
than  what  was  investigated  here.  Less  water  mobility  should 
allow  less  bottom  water  to  be  produced,  and  subsequently, 
less  oil  would  be  forced  down  into  the  bottom  water  layer. 
Therefore,  the  effects  would  be  even  smaller. 

A  bottom  water  layer  should  not  be  expected  to  affect  a 
SAGD  process  much,  provided  that  the  wells  follow  the 
designated  paths  above  the  water  layer. 
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Figure  8.1  —  Effects  of  a  Bottom  Water  Layer 
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Oil  Saturation  Profiles 
(a  10m  bottom  water  layer) 
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Figure  8.2— A  Bottom  Water  Case  —  Oil  Saturations 
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9)  Effects  of  a  layered  formation 
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The  best  oil  production  (see  Figure  9.1)  was  from  case 
b)  where  the  higher  permeabihty  was  at  the  lower  layer,  and 
the  two  wells  were  also  located  in  this  layer.  This  case  was 
very  similar  to  a  typical  Athabasca  formation  where  tighter 
layers  were  generally  at  upper  zones.  A  UTF  Phase  B  type 
oil  rate  was  shown  in  Figure  9.2  for  comparison  purposes. 
Typical  UTF  Phase  B  formations  contain  better  permeability 
lower  layer  and  tighter  upper  layer.  Placing  two  wells  both 
inside  the  better  quality  layer  allowed  earlier  start-up  as  well 
as  faster  steam  chamber  lateral  advancements  (see  Figure 
9.4).  The  upper  layer  bitumen  drainage  also  contributed  to 
production;  the  amount  largely  depended  on  the  upper  layer 
permeabihties. 

(5  m  inter-well  spacing  Year     CDCR     CSCR  Recovery 


2700 kPa 

(mVd/ 

(m'Arf) 

% 

20  m  thick  formation) 

well-pair) 

base  case 

2.5 

165.42 

2.25 

72% 

case  a) 

2.5 

36.10 

3.19 

15% 

case  b) 

2.5 

148.76 

2.29 

65% 

case  c) 

2.5 

127.50 

2.12 

56% 

The  second-best  oil  production  was  from  case  c)  where 
the  higher  permeability  was  in  the  middle  layer,  in  which  the 
injector  was  located,  while  the  producer  was  in  the  tighter 


layer  below.  The  production  rate  climbed  slowly  for  the  first 
half  year,  then  reached  almost  the  stable  rate  of  case  b).  The 
steam  chamber  profiles  are  shown  in  Figure  9.5. 

Case  a)  produced  the  least  amount  of  bitumen.  It  was 
interesting  to  note  that  the  better  quality  upper  layer  hardly 
contributed  any  additional  oil  production.  This  was  very 
similar  to  what  was  described  in  Section  2,  where  the  40  m 
thick  low  permeabihty  formation  produced  the  same  rate  as 
that  of  the  20  m  thick  formation.  The  production  ability  of  the 
producer  seemed  to  be  controlled  largely  by  the 
permeabihties  of  the  two  wells'  immediate  surrounding 
formations.  If  they  were  tight,  the  chamber  growth  would  be 
very  limited,  even  though  permeabilities  above  the  well  pair 
might  be  good  (see  Figure  9.3).  The  steam  escaping  from  the 
tighter  lower  zone  into  the  upper  better  sands  quickly 
condensed,  not  allowing  expected  growth  of  the  chamber  in 
this  higher  permeability  layer. 

If  two  wells  were  both  located  in  the  tighter  layer,  the 
spacing  between  the  two  wells  seemed  to  dictate  the  oil 
drainage:  larger  spacing  indicated  better  oil  rate,  as  in 
Section  3 .  However,  if  there  was  a  higher  permeability  layer 
present  in  the  formation,  it  seemed  always  advantageous  to 
place  both  wells  in  this  layer,  or  at  least  the  injector  should 
be  in  this  higher  permeability  layer,  to  allow  for  reasonable 
steam  chamber  growth. 
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Steam  Chamber  Development 
(upper:  Kv=5D,  Kh=10D;  lower:  Kv=O.SD,  Kh=lD) 
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Figure  9.3  —  A  Layered  Formation  -—  High  K  at  Upper  Layer 
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Figure  9.4 — A  Layered  Formation  —  High  K  at  Lower  Layer 
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Steam  Chamber  Development 
(middle:  Kv=SD,  Kh=10D;  upper  &  lower:  Kv=O.SD,  Kh=lD) 
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Figure  9.5  —  A  Layered  Formation  —  High  K  at  Middle  Layer 
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10)  Effects  of  oil  viscosities 


Two  typical  oil  viscosities,  representing  Cold  Lake 
heavy  oil  and  Athabasca  bitumen,  were  used  for  comparison 
purposes.  They  produced  the  following  results: 


(5  m  inter-well  spacing  Year 
2700 kPa 

20  m  thick  formation) 

OXXL 
(mVd/ 
well-pair) 

cscm 

(mW) 

Recovery 

% 

Athabasca  Oil  2.5 

165.42 

2.25 

72% 

ColdLakeOil  2.5 

172.49 

2.29 

75% 

The  observed  differences  in  process  performance  were 
quite  insignificant  (see  Figure  10. 1),  although  the  relatively 
lighter  Cold  Lake  type  viscosity  case  did  show  slight 
improvement  in  oil  production  rates. 

At  reservoir  temperatures,  Athabasca  bitumen  viscosity 
is  around  1,000,000  mPa.s,  while  the  Cold  Lake  type  viscosity 
is  only  at  100,000  mPa.s,  but  the  differences  become  much 
smaller  as  they  approach  steam  temperatures  (typically 
around  200°  C  or  higher),  about  a  few  centipoise  only. 
Therefore,  the  viscosity  effects  were  not  found  to  be 
important  on  a  SAGD  process. 


Steam  Injection  and  Oil  Production  Comparisons 
(Athabasca  Viscosity  Type  vs  Cold  Lake  Viscosity  Type) 
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Figure  10.1  —  Effects  of  Viscosities 
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11)  Correlations  among  peak  oil  rate, 
breakthrough,  and  formation  top 

Peak  oil  rate  was  always  achieved  when  steam  chamber 
interface  reached  the  formation  top.  This  meant  that  the 
whole  chamber  completely  touched  the  formation  top. 
Depending  on  the  areal  extent  of  the  contact,  the  peak  rate 
will  vary.  When  the  permeabilities  are  higher,  the  size  of  this 
contact  will  also  be  larger,  and  so  will  be  the  peak  oil  rate. 

However,  if  the  permeabilities  are  low,  the  lateral 
chamber  growth  will  be  veiy  limited.  The  size  of  the  contact 
will  be  quite  small  when  the  chamber  reaches  the  formation 
ceiling.  Therefore,  no  sharp  increase  in  oil  rate  will  be 
observed,  as  shown  in  Figure  2.2  in  Section  2. 

Breakthrough  is  established  when  the  injected  steam 
reaches  the  producer.  Breaktlu-ough  might  occur  before,  at, 
or  after  the  chamber  reaches  formation  top  (peak  oil  rate).  In 
practice,  because  of  the  variation  of  inter-well  spacing  along 
the  well  pair,  plus  effect  of  heterogeneity,  different  steam 
chambers  will  reach  the  top  of  the  formation  at  different 
points  and  at  different  times.  Thus  one  peak  rate  may  not  be 
discernible.  The  UTF  (see  Figure  9.2)  was  a  special  case 
where  breakthrough  almost  happened  at  the  same  time  when 
the  peak  rate  was  achieved,  while  the  steam  chamber  reached 
the  ceihng  of  the  10  m  good  quality  old  sands.  The  lower 
quality  upper  layer  had  limited  effects  on  the  process. 


Steam  chamber 


Rate 


Rate 


12)  Low  permeability  SAGD  enhancement 

As  was  discussed  earlier,  a  SAGD  process  performed 
quite  differently  in  a  low  permeability'  formation.  There  were 
a  few  things  that  could  be  done  to  enhance  this  perfor- 
mance. Most  importantly,  injecting  at  a  higher  location 
combined  with  a  higher  steam  pressure  appeared  to  be  a 
more  effective  approach. 

For  a  low  permeabihty  case,  ^\^th  a  thickness  of  40  m  and 
permeabilities  of  Kh  =  1  D  and  Kv  =  0.5  D,  the  increased 
inter-well  spacing  from  5  m  to  10  m  brought  up  the  cumula- 
tive daily  oil  rate  at  10  years  from  46  mVd  to  62  mVd  (see 
Figure  3.2).  Keeping  the  spacing  as  of  10  m  while  using  a 
higher  injection  pressure  of  7000  kPa  instead  of  the  base 
case  pressiu-e  of 2700  kPa  lifted  the  cumulative  daily  oil  rate 
at  six  years  to  over  99  mVd  (peak  rate  up  to  125  mVd).  See 
Figure  12.1. 
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The  steam  chamber  profile  seemed  to  be  a  key  factor 
affecting  the  oil  rate.  The  chamber's  lateral  growth  rate  was 
especially  critical.  For  a  low  permeability  thick  formation, 
using  a  small  inter-well  spacing  limited  severely  the 
chamber's  lateral  growth,  as  shown  in  Figure  2.5.  This  slow 
lateral  growth  was  improved  by  employing  a  larger  inter-well 
spacing,  as  shown  in  Figure  3.3.  The  improvement  was 
further  enhanced  by  allowing  a  much  higher  injection 
pressiu-e  (see  steam  profiles  in  Figure  12.2). 

Fractiu-es  within  the  low  permeability  reservoir  could 
also  enhance  performance.  Though  this  is  yet  to  be  tested, 
the  enhancement  of  vertical  permeability  with  the  addition  of 
fractmres  will  enable  fester  chamber  development. 
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Oil  Production  Rate  Comparisons 
(2700  kPa  vs  7000  kPa  in  a  40m  thick  formation) 
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Figure  12.1  —  Low  Permeability  SAGD  Enhancement 
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Major  Conclusions 

1)  Numerical  simulation  of  gravity  drainage  problems 
requires  very  fine  grid  block  size,  such  as  one  metre  by 
one  metre,  or  smaller. 

2)  For  a  high  permeabihty  reservoir,  the  oil  rates  were  mainly 
functions  of  the  gravity  drainage  height  or  formation 
thickness,  for  instance,  a  40-metre  thick  formation 
produced  almost  twice  as  much  as  a  20-metre  thick 
formation  did.  However,  for  a  low  permeability  reservoir, 
extra  thickness  did  not  generate  any  higher  rates  ex- 
pected. 

3)  For  a  high  permeabihty  formation,  changing  inter-well 
spacing,  or  the  injection  location  in  the  reservoir,  only 
affected  the  start-up  time.  No  advantages  were  achieved 
by  injecting  high  in  a  high  permeability  formation.  For  a 
low  permeability  formation,  however,  oil  rates  benefited 
significantly  by  increased  inter-well  spacing. 

4)  Vertical  permeabilities  mainly  controlled  the  oil  production 
rates,  but  their  effects  on  steam  to  oil  ratios  were  rela- 
tively small. 

5)  Higher  initial  water  saturation  in  the  formation  resulted  in 
higher  steam  to  oil  ratios,  mainly  due  to  less  oil  produc- 
tion Some  initial  mobile  water  in  the  formation  accelerated 
the  start-up,  but  also  consumed  an  excessive  amount  of 
steam,  due  to  more  water  production.  This  excessive 
steam  injection  did  not  bring  up  any  more  oil  production. 

6)  Oil-wet  formations  were  favorable  candidates  for  SAGD 
processes.  This  was  different  from  most  conventional 
driving  processes,  such  as  a  water  flood,  etc. 

7)  Some  non  permeable  tight  streaks  did  little  damage  to  the 
cumulative  performance,  although  they  affected  some 
early  instantaneous  rates.  When  the  steam  chamber 
passed  around  the  streaks,  the  effects  of  the  streaks  were 
no  longer  observable. 

8)  A  SAGD  process  was  not  expected  to  be  affected  much 
by  a  bottom  water  layer,  provided  that  the  wells  follow  the 
designed  paths  above  the  water.  An  observed  sUght 
decline  in  oil  rates  was  caused  by  the  fact  that  some 
mobilized  bitumen  went  below  the  producer  and  was 
forced  into  the  bottom  water  layer. 

9)  Among  layered  formations,  when  the  higher  permeabihty 
is  the  lower  layer,  the  process  performed  the  best  Placing 
both  wells  in  this  high  permeabihty  lower  layer  allowed 
earher  start-iq)  and  faster  steam  chamber  growth  rates. 
Well  arrangements  were  extremely  critical  in  a  layered 
formation. 

10)  Oil  viscosity  did  not  play  a  significant  role  in  SAGD 
processes.  Both  lighter  heavy  oil  and  more  viscous  oil 
sands  tended  to  have  very  similar  behaviors  at  steam 
temperatures. 


11)  Peak  oil  rate  is  achieved  when  steam  chamber  reaches 
formation  top.  The  additional  amount  of  the  peak  rate 
above  its  subsequent  stable  drainage  rate  depends  on  the 
formation  permeabilities.  In  practice,  because  of  the 
variation  of  inter-well  spacing  along  the  well  pair,  plus 
effect  of  heterogeneity,  different  steam  chambers  will 
reach  the  top  of  the  formation  at  different  points  and  at 
different  times.  Thus  one  peak  rate  may  not  be  discern- 
ible. 

12)  A  SAGD  process  in  a  low  permeability  reservoir  could  be 
enhanced  by  injecting  at  a  higher  location  and  at  a  higher 
pressure  possible.  This  enhancement  rehes  on  the 
improvement  in  steam  chamber  profiles. 
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